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The current concept of fatty acid metabolism involves the formation of
acetyl CoAl! and the condensation of acetyl CoA with oxalacetate upon
entrance into the tricarboxylic acid cycle. Therefore, a sufficient amount
of oxalacetic acid is necessary for the complete oxidation of fatty acids via
the tricarboxylic acid cycle, and, if sufficient oxalacetic acid is not present,
ketosis results.

Previously (1) we have demonstrated that the administration of various
precursors of oxalacetic acid, such as succinic and malic acids, and oxal-
acetic acid itself, decreases total urinary ketone body excretion in non-dia-

betic rats made ketotic by the administration of butyric acid. This raises -

the question as to whether or not these substances would have the same
effect in an insulin-deficient preparation. Glucose requires insulin to pro-
duce oxalacetate at a normal rate, but the effect of insulin on the rate of
production of oxalacetate from other precursors is unknown, although re-
cent work (2) indicates that insulin is involved in metabolism at the level
of the tricarboxylic acid cycle. There are a few reports in the literature
on the effects of succinic acid on ketosis in diabetic humans (3), but the
results are conflicting. Therefore, we have investigated the effects of suc-
cinic and malic acids on ketosis in insulin-deficient rats. In view of the
reports that the utilization of fructose is independent of insulin (4), the
effects of fructose on ketosis in these diabetic animals were also investigated.

EXPERIMENTAL

Female Sprague-Dawley rats weighing 200 to 220 gm. were used through-
out these experiments. 'The rats were made diabetic by the subcutaneous
injection of 8 mg. per 100 gm. of recrystallized alloxan monohydrate (10
per cent solution). No rats were used less than 4 weeks after alloxan ad-
ministration, because we have previously shown (5) that ketonuria may be
severe directly after the administration of alloxan and some rats do not

reach plateau levels of ketonuria in less than 4 wecks. The only rats found -

* This investigation was supported in part by reseurch grant No. A-213C from the
Nutional Institute of Arthritis and Metabolic Discases, National Institutes of
Health, Public Health Service. '
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cose levels of 430 ¢o 550 mg. per cent, To get dependable ketotic Prepapy.

tions we fasted these diabetic rats 8 hours and at 4.30 p.m. administorm .

4 to 6 cc. of Wesson oi by stomach tube. The ratg were then place in K
metabolism cages, and the yrine was collected under toluene for 5 first py,.. o g
riod of 16 hours, The Rext morning at 8.30 a.m. another dose of 4 t0 6 ¢

of Wesson oj] was administered and the urine collected for the succeeding o
24 hours (second collection period). 2 ce. of Amphojel and 0.2 cc. of , '
1:10 dilution of tincture of opium were administered with the oi] ¢ preveny
diarrhea. Only about 50 Per cent of the anima|g survived the first experi.
ment. However, the rats that proved suitable could usually be yseq for
one experiment per week for severa] months. Thege selected animg)g re.

v —

¢ Effect ¢
either value was out of the contro] range established for this rat, the exper- 7
iment was terminated, and - the following week the entire experiment wyg '
started over again, In this way egch rat served ag g constant contro] upon i The
itself. The test solutions were given i, five divided doses gt 830 am., ! t"i:tnc"t!
11.00 a.m., 2.0¢ b-m., 4.30 p.m,, and 7.30 p.m. during the second collectjon a per 100
period (24 hours), Succinate ang malate were given after neutralization . —
to pH 4.5 with NaOH. Therefore, in the contro] experiments the ratg re- i
ceived amounts of Nat, in NaCl or NaHCOQ, solution, equivalent to the i Ketone
maximal amount of Na* used. Thjs served as a check on the possible { bodies
effect of the Na+ per se and on the production of alkalosis with sodium suc- ] 10-43
cinate or malate, The amounts of succinate and majate administered 27
were equivalent (on the basis of possible production of oxalacetate) to q 54-51
dose of 2 e, per 100 gm. per 24 hours of 5 13.5 per cent o a 20 per cent, solu- ; 47-41
tion of glucosge. Fructose wag given as g 20 per cent solution (2 cc. per 45-55
100 gm. per 24 hours). o 4245;?2
RESULTS AND DISCUSSION gg

In these experiments 1o significant difference was found in the ketonuria ' 34-42
of rats given NaCl or NalICo, solutions (P >0.10 Table I, However, 66
in contrast to the decrease in ketowurig produced by suceinate and malate ) 51
in non-diabetje rats (1), succinate and malate djg hot decrease ketonyria l I The
in these insulin-deﬁcient animals, although the dose administered caused ) Late potc
marked glucosuria (Tables IT ang ITI). This js in agreement with Bess- solution.
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TasLe I

$ ] 1 Glucose and
ison of Effect of NaHCO; and-NaCl Solutton_s on Uruzary_
Cm;‘(};?(:‘:tseoBoc{y B.'t:rccrctiou of Allozan-Diabetic Rats Given Wesson Oil (Second
: Collection Period)

Kctone bodies reported in mg. per 100 gm. per 21 hours and glucose in gin. per
100 gm. per 24 hours.

NaCl . NaHCO:
Ketone bodies Glucose Ketone bodies Glucose
0.13
22 0.09 26 .
41 0.21 49 0.23
28 0.21 23 0.16
34 0.16 39 0.18
25 0.05 17 0.16
53 0.14 49 0.23
7 0.13 12 0.14
49 0.15 49 0.3‘;
41 0.32 43 0.
Tasre II .

Y ucet ¥ lin on 24 Hour Urinary Ezxcretion
Effect of Insulin, Succinale, and Succinate and Insu inar;
gect of (Secon:i Collectio;c Period) of Glucose and Tolal Ket.one Bodies in
Insulin-Deficient Rats Given Wesson Oil )
i i ; i the basis of oxalacetic acid
The amount of succinate given was equivalent (on
potential) to a dose of 2 ec. per 100 gm. per 24 hours of a 13.5 per cent glucos? solu-
tion. Ketone bodies reported in mg. per 100 gm. per 24 hours and glucose in gm.
per 100 gm. per 24 hours.

Control Succinate Insulin Succinate and insulin Lnsulin
Ketone dose, units

f:du:g: Glucose m‘i’:: Glucose K“"z: Glucose bedies | Glucose
49-43 | 0.10-0.17| 52 0.40 14 0 2.0 0 1.0
27 0.30 23 0.43
54-51 0.28-0.18] 52 0.62 50 0 21 0.36 0.6
47-41 1 0.19-0.12] 54 0.52 40 0.06 11 0.42 0.7
45-55 | 0.11-0.12; 80* 0.78 49 0.08 20 0.41 0.7
25-23 | 0.12-0.11] 32 0.37 4.0 0.04 0.9 0 l.g
44-45 | 0.19-0.17| 45 0.48 22 0 2.2 0.09 0.
36 0.16 37 0.40 28 0.04 14 0 0.6
55 | 0.19 52 0.12 07 | 0.10 | 0.8
3442 | 0.10-0.12| 77* 0.60 43 0.09 5.4 0.08 0.7
66 0.36 80* 0.76
51 0.28 . 52* 0.62

* The amount of succinate administered was equivalent, on the basis of oxalace-
tate potential, to a dose of 2 cc. per 100 gm. per 24 hours of n 20 per cent glucose

solution.
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664 KETOSIS IN ALLOXAN-DIABETIC RATS

man® who gave 3 mmoles of sodium succinate per kilo to human diaihr,

in coma and observed no change in blood ketones, although the blow| N
increased 90 mg. per cent within 14 hours. Assuming a two-third ..
tribution of sugar throughout the entire body water, he ealculateg it
this rise would account for complete conversion of succinate to glie,.,
following the usual path of 2 moles of succinate to 1 mole of glucose, |y,
few instances the administration of large doses of succinate or malutg 4,

" TasLe III
Effect of Insulin, Malate, and Insulin and Malate on 24 Hour Urinary Exereq.. i
(Second Collection Period) of Glucose and Total Ketone Bodies in )
T Insulin-Deficient Rats Given Wesson 0il ;
The amount of malate given was equivalent (on the basis of oxalacetatc_pu(.-”
tial) to a dose of 2 cc. per 100 gm. per 24 hours of a 13.5 per cent glucose solutiun
Ketone bodies reported in mg. per 100 gm. per 24 hours and glucose in gm, per 1ty
gm. per 24 hours.

Control Malate Insulin Malate and insulin ‘
- 4 Insnlinl
F‘M@;G Glucose E;.FI?:: Glucose K"f;;e Glucose Ktt?:: Glucose ok mis
39 0.18 140+ 0.78 8 0.09 2 0.11 0.5
70* 0.56
22 0.34 22 0.32 .
53 0.14 66* 0.40 25 0.07 16 0.35 0.7
61 0.24 ’ 42 0.08 4 0.12 0.7
58 . |.-0.32 40 0.09 12 0.18 0.6
31 0.18 24 0.52 30 0.09 16 | 0.12 0.6
26 0.22 44 0.38 20 0.01 12 0.14 0.4
42 0.17 40 40 20 0.33 0.6
43 0.31 43 0.58 )

* Dose of malate equivalent, on the basis of oxalacetate potential, to a dose of 2
ce. per 100 gm. per 24 hours of a 20 per cent glucose solution, !

our rats appeared .to increase ketonuria. This could be explained on the
basis of a direct conversion of some succinate to acetate (8) and condensu-
tion of 2 acetate molecules to acetoacetate. This ketotic effect of succinate

In order to investigate the réle insulin may have in succinate metabolism,
we determined a dose of insulin which caused no change or a small decrease
in the ketonuria of our rats (Tables IT and IIT). 'When this dose of insulin
was administered in conjunction with succinate or malate, the alloxan-diu-
betic rats showed a much greater decrease in ketonuria than when only
insulin was given.

* 8. P. Bessman, personal communication.
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It has been demonstrated that the administration of succinate to humans
with diabetes mellitus causes an increase in blood pyruvate concentrations
(9) and blood glucose Jevels2 In our own experiments the administration
of both malate and succinate caused an increase in glucosuria without
affecting the ketonuria. The above evidence indicates that a significant
proportion of these test substances entered the usual pathway of metabo-
lism and ran back via oxalacetate through the glycolytic cycle. In six
experiments the larger doses of succinate or malate appeared to cause an
increase in ketone body excretion. A “ketolytic’” effect of succinate and
inalate could therefore be masked at the lower dosage level. However, we
feel that, according to present concepts, a better explanation of the absence
of the expected drop in ketonuria may be that utilization of the oxalacetate
to decrease ketonuria does not occur in the absence of insulin, suggesting
an interference in the condensation of acetyl CoA and oxalacetate. ‘

Since a large part of succinate and malate is converted to glucose, thereby

t -providing extra glucose, it is difficult to distinguish between an insulin

effect on glucose and one on condensation of acetyl CoA with oxalacetate.
However, if our fundamental assumption is.correct that condensation of
oxalacetate with acetyl CoA is necessary to prevent ketosis, these experi-
ments appear to indicate that the oxalacetate from succinate and malate
is less efficient for condensation in the absence of insulin than in its presence.
It has been demonstrated (1) in normal animals made ketotic with butyr-
ate that glucose, succinate, and malate are equally effective, on the basis
of oxalacetate potential, in reducing ketosis. :

Recent interest in fructose metabolism in diabetes led us to make a
comparison of the effects of glucose and fructose on ketonuria in insulin-
deficient animals fed Wesson oil. Because some fructose may be converted
to glucose by the gastrointestinal tract (10), and because Cori (11) has
shown that the gastrointestinal tract absorbs glucose and fructose at differ-
ent rates, animals were given the sugars intraperitoneally, subcutaneously,
and by mouth. The route of injection did not change the effect, probably
because the material was given in small doses (five divided doses).

The doses of glucose and fructose used were often larger, on the basis of
oxalacetate potential, than the doses of succinate and malate. This was
necessary in order to compare the antiketogenic effects of these two sub-
stances. 4

Fructose is removed from the blood stream of diabetics more rapidly
than glucosc, fructokinase activity being independent of insulin (4). How-
cver, this fructose is then metabolized through anaerobic glycolysis. If
there is & block in insulin-deficient preparations at the level of the tricar-
boxylic acid cycle, fructose should prove no more effective than glucose in
decreasing ketosis, unless the concentration of fructose is increased suffi-
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ently to exert a mass effect following phosphorylation. Under t)0 ,.,,
ti

effects of glucose and fructose on ketonuria (Table Iv), WVhitt-lcsvy ur
Zubrod (12) observed that fructose was a better ketolytic agent thay g,

TasBLe IV *
Effect of Glucose and Fryclose on 24 Hour Urinary Ezcretion of Glucose ang Lot
Ketone Bodies in Insule’n-Dcﬁcient Rats Given Wesson 0l

Ketone bodies reported in mg. per 100 gm. per 24 hours and glucose ip 800wy
100 gm, per 24 hours, '

Control Glucose* ’ Fructose® '
- Route of '
m?:: Glucose E:é‘l?:: Glucose K"??: Glucose stration '
——— —_—
51-68 0.28-0.36 35 0.56 71 0.50 Oral
25 0.15 14 0.33 8 0.43 “
55 0.11 4 0.52 17 0.52 “
25-23 ©0.12-0.11 2 0.48 2 0.48 ‘
31 0.14 ' 21} 0.71 18 0.64 Intraperi. 5
toneal .
42 18¢ 0.70 14¢ 0.73 Oral
34 0.09 16t 0.37 16} 0.36 Subcutane- .
ous !
51 0.18 29 . 0.58 29 0.86 “ . '
34-33 0.16-0.18 9 0.39 11 0.32 “
33 0.09 -3t 0.29 5t 0.30 “« }
34 0.09 3 0.43 2 0.39 “
* 2 cc. per 100 gm. per 24 hours of g 20 per cent solution, : {
t Repeat determinations on the same rat, )
1 2 cc. per 100 8m. per 24 hours of 5 13.5 per cent solution, | 1
TABLE V , "

Collection Period) of Glucose and Totq] Ketone Bodies in Insulin-
Deficient Rats Given Wesson 0il

Ketone bodies reported in mg, per 100 Em. per 24 hours and glucose in gm, per 100

Em. per 24 hours, )
Control Fluoroacetate Control ‘
Ketone bodies Glucose Ketone bodies Glucose Ketone bodies Glucose '
—
3.1 0.05 35 0.30 1.7 0.14
1.7 0.10 31 0.40 2.1 0.12 ’
2.6 0.18 30 0.18
2.2 0.03 18 0.20 1.7 3
4.3 0.12 8.2 0.25 :
1.0 0.07 6.0 0.15

— Te wan
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lowing phosphorylation. Under the ¢op,. cose in depancreatized dogs. However, they administered their test sub-
ifference .could be detected between the stances intravenously, used a much larger dose than in these experiments,
1 ketonuria (Table Iv). Whittlesey g, and observed their animals for short periods.
5@ Was a better ketolytic agent than gJ,,. We are unable to explain adequately why these larger doses of glucose
CABLE IV . and fructose decreased ketonuria, while increasing the dose of succinate or
Hour Urinary Egcretion o f Glucose and Tory) malate to a comparable level (on t,h'e bfzsis of oxalacetate. potential) did not
~Deficient Rats Giyen Wesson 0i1 cause & drop in urinary ketone bodies in the absence of insulin,
100 gm. per 24 hours ang glucose in gm, por Previously (1) we demonstrated. that sodium fluoroacetate increased
) . urinary ketone body excretion in non-diabetic rats fed butyric acid from
* 7.4 mg. per 100 gm. per 24 hours to 114 mg. per 100 gm. per 24 hours,
| reu of ‘When the same dose of sodium fluoroacetate was given to alloxan-digbetie
Glucose | Retome [ s | *dmivistration rats, the ketonuria increased as much 2s 18 times (Table V). Fluoroace.
— e tate has been shown to block the tricarboxylic acid cycle at the citrie acid
0.56 71 0.50 | Oral stage (13).
0.33 8 0.43 “
0.52 17 0.52 “ BUMMARY
g_';f lgt g:gf In‘;ra i 1. The administra.tion of succinic and malic acids had. no detectable
tonfal ) effect on the ketonuria of alloxan-diabetic rats fed We;sson oil, although the
) = 144 0.73 | Oral dose was sufficient to produce an increased glucosuria,
‘ 161 0.36 | Subcutane. 2. The administration of small amounts of insulin plus succinic or malie
" ous acid caused a larger decrease in ketonuria, in our insulin-deficient prepa-
353 12? ggg . ration, thzfn when insulin alone was given.
20 5¢ 0.30 « 3. No difference was found between the effects of glucose and fructose on
43 2 0.39 “« ketonuria in diabetic ketotic rats.
- 4. The tricarboxylic acid cycle inhibitor, fluoroacetate, has a greater
per cent solution, effect in insulin-deficient, preparations than in control rats,
:;Z'r cent solutic:n ' 5. These results are regarded as presumptive evidence that insulin may
’ be involved in metabolism at the level of the tricarboxylic acid cycle, pos-
EV 8ibly in the condensation of acetyl CoA with oxalacetate,
1) on 24 Hour U7 rinary Ezcretion (Second ' :
Total Ketone Bodies in Insulin. BIBLIOGRAPHY
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OBSERVATIONS ON THE EFFECT OF CHEMICAL CONFIGURATION
ON THE EDEMA-PRODUCING POTENCY OF ACIDS, ALDEHYDES,
© . KETONES AND ALCOHOLS! 1

P. 8. LARSON, J. K. FINNEGAN anp H. B, HAAG
Depariment of Pharmacology, Medical College of Virginia, Rickmond, V.

Received for publication Aﬁgust 15, 1955

In an earlier publication (Finnegan ef al., 1947) we described a method for
quantitatively evaluating the edema-producing potency on mucous membranes,
of the irritants in tobacco smoke, Subsequently we have adapted this method to
permit of its use in evaluating the edema-producing potencies of chemicals in
water solution. The method and results obtained with four classes of chemical
compounds are detailed below. :

3 minutes, after which the lid is released and the rabbit returred to the upright position.
One hour after application of the irritant the rabbit is sacrificed by cerebral concussion,

eye tissue and that for the left (control) eye tissue represents the degree of edema produc-
tion. )

In the present study 5 rabbits were used at each molar concentration tested and 6 such
groups in studying each irritant, except in a few instances where solubility was a limiting
factor. With each irritant, the concentrations tested were so adjusted (solubility permitting)
88 to produce average moisture to dry weight gaing (right eye ratio minus left eye ratio)

RESULTS AND DIscussion, Acids. The results obtained on the acids studied
are surnmarized in table 1,

Among the monobasic organic acids, excepting formic, there is a tendency
toward increasing edema-producing potency (EPP) with increasing molecular
weight. Unsaturation increased EPP in the case of acrylic acid (compare with
Propionic) but not in the case of crotonic acid (compare with butyric).

The dibasic acid, succinie, has a lower EPP than the corresponding monobasic

! A preliminary report appeared in Fed. Proc., 8: 312, 1949,
*This investigation has been supported under a research grant from the American
Tobacco Company. -
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TABLE 1
Comparative edema-producing polency of certain acids
Molar Concentration to
Acids Produce 2.5 Unit Increase in Equation Relating Edema-Producing
Moisture to Dry Weight FPotency to Molar Concentration®
Ratio & S.E.

Monobasie, sat. , .
Formic..................... 0.08 + 0.01 Y = 1104 + 774 log X
Acetic...................... 0.13 + 0.02 Y = 1094 4 942 log X
Propionic.................. 0.12 4+ 0.01 Y = 11.96 + 10.43 log X
Butyric.................... 0.10 £ 0.01 Y = 11.37 + 886 log X
Valeric..................... 0.086 -+ 0.008 Y = 16.00 + 12.66 log X
Caproic.................... 0.045 £ 0.005 Y = 20.15 + 13.14 log X

Monobasic, unsat. :

CAerylie...........LLL . 0.054 + 0.01 Y = 1226 4 769 log X
Crotonic................... - 0.10 £ o0.01 Y = 13.90 + 1141 log X

Dibasic, sat.

Suceinic.................... 0.51 =+ 0.07 Y = 6.67 + 1421 log X
Dibasie, unsat. ' -

Maleic..................... y 0.23 + 0.02 Y =591 4 5.29log X
Monobasie, hydroxy

Lactie...................... 0.35 x 0.11 Y = 535 + 6.20 log X
Dibasic, hydroxy

P Malic..................... .| 048 =+ 0.03 Y = 6.26 + 12.28 log X
: Dibasic, dihydroxy

- Tartaric.................... 0.32 = 0.02 Y = 7.19 + 9.59 log X

Inorganic ’ )
Hydrochloric............... 0.12 + 0.05 Y = 652 4 4.35log X
Phosphoric................. 0.41 =+ 0.22. Y = 458 4+ 5.39 log X
*Y = magnitude of increase in moisture to dry weight ratio; X = molar concentra-

tion of irritant. '

acid, butyric. Among dibasic acids, unsaturation increased EPP in the one case

tested (maleic vs. succinic acid).

Addition of a single hydroxy! group to the acid molecule decreased EPP in
the case of the monobasic acid, lactic (compare with propionic), but not in the
case of the dibasic acid, malic (compare with succinic), while addition of two
hydroxyl groups increased EPP in the case of the dibasic acid, tartaric (compare
with succinie).

The strongly ionized inorganic acid, hydrochlorie, has no greater EPP than
the more weakly jonized monobasic organic acids.

Aldehydes. The results obtained on the aldehydes studied are summarized in
table 2.

Among the saturated aldchydes, with the possible exception of formaldchyde,
increasing molecular weight results in increasing EPP. Unsaturation markedly
increases the EPP of aldehydes (compare acrolein with propionaldehyde and
crotonaldehyde with butyraldehyde), but in this case the EPP decreases with
increasing molecular weight.

L.
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of cerlain acids’

Equation Relating Edema-Producing
'otency to Molar Concentration®

Y = 11.04 4 774 log X
Y = 10.94 4 9.42 log X
Y = 11.96 + 1043 log X
Y = 11.37 4 8.86 log X
Y = 16.00 4 12.66 log X
Y = 20.15 + 13.14 log X

Y = 1226 4- 769 log X
Y = 13.90 + 1141 log X

Y = 6.87 + 14.21 log X
Y = 591 + 529 log X
Y =5354620logX
Y 626+ 1228log X
Y 7194 9.59.103 X

Y = 6.52 + 435 log X
Y = 4.58 4 5.39 log X

cht ratio; X = molar concentra-

ncreased EPP in the one case
4 molecule decreased EPP in
<th propionic), but not in the
=cinic), while addition of two
Zibasic acid, tartaric (compare

-ie, has no greater EPP than

=8 studied are summarized in

-ie exception of formaldehyde,
= PP. Unsaturation markedly
—n with propionaldchyde and
case the EPP decreases with
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TABLE 2
Comparative edema-producing potency of certain aldehydes and kelones
Mol ion to Prod ; ; ;
Aldebydes Srimeheds ot | Euon Relains Bdems Producig

Saturated
Formaldehyde. ......... 0.84 <+ 0.63 Y = 270 4 267 log X
Acetaldehyde........... 0.99 =0.14 Y = 253 + 8.78 log X
Propionaldehyde. . ..... 0.60 4 0.18 Y = 459 4+ 957 log X
Butyraldehyde......... 0.39 = 0.04 Y=544+71110g X

Unsaturated ’
Acrolein................ 0.0017 £ 0.0006 Y = 21.74 4+ 694 log X
Crotonaldehyde. . ...... 0.014 = 0.002 Y = 1491 4 6.73 log X

Ketones
Saturated »
Acetone................ 3.9 0.2 Y = —~242 4+ 840log X
Methyl-ethyl........... 1.8 + 0.2 Y = —0.42 + 12.08 log X
Diethyl................ Too insoluble
* See footnote to table 1.
TABLE 3
Comparative edema-producing potency of certain alcokols
Prodnee 38 Dt Lo Equation Relating Edema-Produci
Alcobols in Molf::ur; to Iﬁtl’y n\‘\:’::ei:iet otgx?:y t; i&tol;i‘agr C:;l::l-lt::ﬁggl‘l‘ &
Ratio = S.E.

Primary, sat. .
Methyl................... 7.9 * 0.7 Y = —7.70 4 11.35 log X
Ethyl...........c...... 4.8 + 0.4 Y = —4.76 + 10.66 log X
Propyl......coovvviiiai. 1.6 0.2 Y = —-0.24 + 16.30 log X
n-Butyl.................. 0.58 == 0.06 Y = 6.48 + 16.58 log X
Amyl..............ll. 0.17 == 0.01 Y = 19.36 4 22.21 log X
Hexyl.................... Too insoluble

Primary, unsat.

Allyl ...l 2.5 +0.3 Y = 5.99 4+ 8.95 log X

Primary, iso.
iso-Butyl................. 0.59 £ 0.03 Y = 667 4+ 18.27 log X

S8econdary
sec-Butyl................. 0.85 -+ 0.10 Y =325 4 17.74 log X

Tertiary .
tert-Butyl................ 1.8 = 0.3 Y = —121 4 1527 log X

* See footnote to table 1.

Ketones. The results obtained on ketones are also summarized in table 2. Lack
of solubility prevented the testing of more than two members of this class but it
would appear that EPP increases with increasing molecular weight.

Alcohols. The results obtained on alcohols are summarized in table 3.
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Among Primary alcohols, EPP increases markedly with increasing molecyy,
weight, decreases with unsaturation (compare allyl with propyl), and appear.
to be unaffected by isomerism (compare iso-butyl with n-butyl),

In passing from primary to secondary to tertiary alcohols the EPpP pro
gressively declines (compare primary, secondary and tertiary butyl).

SUMMARY

A method for measuring the edema-producing potency of chemicals in Water
solution has been described. The results of its application to g study of the
effect of chemieal] configuration on the edema-producing potency of acids,
aldehydes, ketones and alcohols are summarized.
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Abstract—When L- or pL-malic acid, labelled with carbon-14, was administered orally or
intraperitoncally to rats, each was extensively metabolized, 90-95%; of the radioactivity being
excreted within 24 hr, mainly in the expired air as [**CJcarbon dioxide (83-929%; of the ad-
ministered radioactivity). The acids were, moreover, metabolized at the same rate, which was
found to be independent of the route of administration. There would thus appear to be no
justification for discriminating against the use of b-malic acid as a food additive.

INTRODUCTION

The Joint FAO/WHO Expert Commiitec on Food Additives (1967) has made recommen-
dations relating to the use of malic acid as an acidulant and flavouring agent. Malic acid
exists in nature as the L-isomer, being present in apples and many other fruits and plants.
Moreover, it is an intermediary metabolite in the aerobic utilization of pyruvate through
the citric-acid cycle. The Committee proposed that while no limit should be set for the
acceptable daily intake of L-malic acid by man, the daily intake of the p-isomer should not
exceed 100 mg/kg body weight. In support of these proposals the Committee stated that
whereas the metabolism of L-malic acid was well understood, little was known about the
fate of the p-enantiomorph. In reviewing the biochemical aspects of malic acid metabolism,
however, the Committee did not mention several studies relating to the oxidation of D-2-
hydroxyacids, including D-malic acid. :

Huennckens, Mahler & Nordmann (1951) demonstrated that p-malic acid could be
oxidized by a crude suspension of mitochondria obtained from rabbit liver and kidney.
Baker (1952) found that the oxidation of D-2-hydroxyacids by an enzyme present in rat
tissues did not require nicotinamide adenine dinucleotide. Hellerman, Ross, Parmar, Wein
& Lasser (1960) reported that b-malic acid was slowly oxidized by a preparation of succinic
dehydrogenase obtained from pig heart in the absence of coenzyme. Tubbs & Greville
(1961) found p-2-hydroxyacid-oxidase activity [D-2-hydroxyacid: cytochrome C oxidore-
ductase: E.C.1.1.2.4] in the mitochondria prepared from the liver and kidney of several
animal species. Oxidation of a number of D-2-hydroxyacids, including D-malic acid,
occurred in the presence of 2,6-dichlorophenolindophenol, ferricyanide and cytochrome C
but not oxygen. Nicotinamide adenine dinucleotide was not required. The enzyme obtained
from the mitochondria of rabbit-kidney cortex was partially purified. Britten (1968) has
shown that oxalacetgte, an intermediate of the citric-acid cycle, is formed when p-malic
acid is incubated with the enzyme in the presence of ferricyanide. It is of additional interest
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that Gamble (1965) found that rabbit-liver mitochondria accumulated both L- and p-malic
acids against a concentration gradient. :

In order to obtain additional experimental evidence to support the use of pL-malic acid
as a food additive, the excretion of radioactivity has been measured in the urine, faeces and
expired air of rats given [U-'*C]L- and [4-**C]pL-malic acids by both oral and intraperi-

toneal administration.

EXPERIMENTAL

Materials. L- and DL-Malic acids and pL-aspartic acid were purchased from Koch-Light
Laboratories, Colnbrook, Bucks. [U-*C]L-malic acid (22:6 mc/m-mole) was obtained from
the Radiochemical Centre, Amersham, Bucks. It was diluted with L-malic acid to give a
specific activity of 61 uc/m-mole. [4-'*C]pL-aspartic acid (162 mc/m-mole) was obtained
from the New England Nuclear Corporation, Boston, Mass. It was diluted with DL-aspartic
acid to a specific activity of 65 uc/m-mole. ,

Preparation of [4-'*C]pL-malic acid. To a suspension of [4-14C]pL-aspartic acid (342 mg)
in water (8 ml) was added a solution of sodium nitrite (298 mg) in water (3 ml). The mixture
was stirred continuously for 1 hr and a solution of lead acetate (950 mg) in water (2 ml) was
added. The mixture was kept at 4°C for 18 hr and the precipitate of lead malate was
collected. It was suspended in water (12 ml) and stirred for 20 min with the cation-exchange
resin, Amberlite IR-120 (H *-form). The mixture was then filtered and the filtrate was freeze-
dried. The residue was recrystallized from an ethyl acetate-hexane mixture to give material
(218 mg) with a specific activity of 93 .c/m-mole (expressed as malic acid).

A portion of this material was subjected to descending chromatography on Whatman
chromatography paper (no. 1) using butan-1-ol/acetic acid/water (2:1:1+4, by vol.). When
dry, the chromatogram was sprayed with an aqueous solution of bromophenol blue (0-04 %).
Only one component was detected and its Ry value (0-63) was identical with that given by
authentic pL-malic acid.

The conversion of unlabelled pL-aspartic acid gave an opticaily inactive product.

Animals and dosing. Male albino Wistar rats (approximate body weight 200 g) of the
Alderley Park SPF strain were given 0-5ml of an aqueous solution of the appropriate
acid, either by stomach tube or by intraperitoneal injection, the dose given being equivalent
to 2:5 mg/kg. In the first group of six experiments on the two acids, data were recorded for
48 hr after administration, but subsequent tests were terminated after 24 hr.

Collection and assay of excreta. Animals were transferred to individual metabolism
cages and urine was collected free from faeces. The cage was vented by a current of carbon
dioxide-free air (500 ml/min) which then passed through a vertical glass column (30 x
300 mm) loosely packed with stainless-steel rings through which N-sodium hydroxide
percolated from a reservoir at 30 ml/hr (Gage, 1963). Samples of the solution that emerged
from the bottom of the column were taken at intervals over 24 or 48 hr and assayed for
radioactivity by the method previously described (Daniel & Gage, 1965). Urine and faeces
were collected at 24 hr and, in the carly experiments, also at 48 hr.

RESULTS AND DISCUSSION

L- and DL-Malic acids were rapidly and extensively metabolized when administered to
rats by either the oral or the intraperitoneal route (Table 1). In each case most of the radio-
activity (83-9297) was excreted within 24 hr as carbon dioxide in the expired air. Table 2
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shows the high proportion excreted by this route within 6 hr of oral administration. In the
“six early experiments it was found that only an additional 29 of the radioactivity was
similarly excreted during the second day, and later experiments were therefore terminated
after 24 hr. Only small amounts of radioactivity were found in the urine (3-99%) and

faeces (0-3-1 4‘7)

Table }. The 24-hr excretion of radioactivity by rats given either pL- or L-malic acid
orally or by intraperitoneal injection -

Radioactivity (%) excreted in

Malic
acid Route _ Expired air Urine Faeces Total
pL- Oral 91-6 31 06 953
~ : @81-940)  (24-38)  (00-09)
" Intraperitoneal 83-4 88, 03 92:5
- (806-853)  (85-90)  (01-06)
- Onal " 880 32 1-4 926
o (84:8-89-9)  (28-39)  (01-3-0)
Intraperitoneal 866 31 14 911

(84-8-89-6) (174-3) (1-1-2-1)

Results are the average of three experiments, with figures in parentheses indicating
the range of values obtained.

Table 2. Mean hourly excretion rate of radioactivity in the expired air of rats
dosed orally with either DL- or L-malic acid

Excretion (%) at hr

Malic

acid 1 2 3 4. 5 6 Total
pL- . 388 166 122 105 40 54 875
L- 453 161 110 46 40 34 844

As carbon dioxide is a gluconeogenetic substrate (Wood & Utter, 1965), some incorpora-
tion of radioactivity into products of normal intermediary metabolism is-likely to occur.
Microbiological breakdown in the gastro-intestinal tract appears to be of little or no
importance, as is indicated by the fact that the route of administration had little effect upon
the metabolism of L- or pL-malic acid. The somewhat greater urinary excretion of radio-
activity from the DL form after intraperitoneal injection may be explicable on the basis of
the finding (Vishwakarma & Lotspeich, 1960) that in chickens D-malic acid, unlike the
L-isomer, is activcly secreted by the renal tubules, although in these expcriments only 36 %
of the acid was recovered from the urine.

Acknowledgements—The author thanks Mr. G. H. Walker for the synthcsns of ['*C]pL-malic acid and Mr. H.
Bratt for tcchnical assistance,
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. Le métabolisme des acides L- et DL-malique chez le rat

Résumé—Les acides L et DL-malique marqués au carbone 14 et administrés par voie orale ou
intrapéritonéale 2 des rats ont tous deux €té trés largement métabolisés, la radioactivité étant
excrétée 2 90-95% dans les 24 heures, principalement scus la forme de gaz carbonique-'4C
dans I'air expiré (83 2 92% de la radioactivité administrée). De plus, les acides ont été méta-
bolisés 3 un méme degré, indépendant de la voie d’administration. Il ne semble doncy avoir
aucun motif de proscrire I'addition d’acide p-malique aux aliments. .

Der Stoﬁwechsei von L- und DL-Maleinsiure in Ratten

Zusammenfassung—Bei oraler und intraperitonealer Verabreichung von mit 14C markierter
L- oder pL-Malcinsiure an Ratten wurden die Verbindungen im Stoffwechsel griindlich
umgesetzt und 90-99% der Radioaktivitit innerhalb von 24 Stunden ausgeschieden, und
zwar hauptsichlichin derausgeatmeten Luftals [*4C]-Kohlendioxyd (83-92 %, der verabreichten
Radioaktivitit). Ausserdem wurden die Siuren mit der gleichen Geschwindigkeit umgesetzt,
die sich als unabhiingig vom Verabreichungswege erwies. Es scheint somit kein Grund gegen
die Verwendung von p-Maleinsiiure als Lebensmittelzusatz zu sprechen.
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D-aspartate oxidase from pig's kidney

1I. Inhibition by malic acid and tartaric acid

By C. de Marco '

(From the Institutes of Physiology of the University of Cagliari and of Biol-~
ogical Chemistry bf the University of Rome)

Cagliari Chapter - Session of June 27, 1966

Recently a method was developéd for preparing from pig's kidney D-aspar-
tate oxidase (D-aspartate: O, oxidoreductase, deaminant, E.C. 1.4.3.1) par-
tially purified (1). This enzyme, evidencea by still et al. (2, 3), differs
from D-aminoacid -oxidase (D-aminoacid: o2 oxidoreductase, deaminant, E.C.
1.4.3.3), not only because of the subétrate specificity, but also because un-
1ike the latter it is not inhibited by benzoic acid.

We believed it to be interesting to search for compounds which could exert
a competitive inhibition of aspartic acid, so that we could have some prelim-
inary indications on the chemical and stereochemical properties that cause
the affinity of the substrate to the enzyme.

The D-aspartate oxidase was prepared from pig kidney as previously de-
scribed; we used enzyme in the 2nd or 4th_state of fractionation (1). Thé
activity was determined according to the consumption of oxygen in the Warburg,
at 38°C, at pH 8.3, in the presence of FAD and catalysis.

As Dixon and Kleppe (4) evidenced that some L-aminoacids exert an inhibit-
ing action on D-aminoacid oxidase, we studied in particular the action of
L-aspartic acid on the oxidation of D-aspartic acid, It was demonstrated
that the I isomer has no inhibiting action whatever, at equal or double con-
centration relative to the substrate,

pixon and Kleppe also showed that several alpha-oxyacids exert an inhibit-
ing action on D-aminoacid oxidase. We therefore wanted to test the action

of the corresponding oxyacid, malic acid, on the oxidation of aspartic acid.
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In fig. 1 is shown the time response of the oxidation of D-alanine (as sub-
strate for D-aminoacid oxidase) and of D-aspartic acid, in the presence and
absence of DL-malic acid. As enzymatic prepration there was used in that case
a fraction still having D~aminoacid oxidase activity (stage 2, cf, 1), It
evident that malic acid has no effect on the rate of oxidation of the alan-
ine; this is in agreement with the results of Dixon and Kleppe. This oxyacid
is, in fact, the only one of those tested by them which has no inhibiting ac-

tion on D-aminoacid oxidase,

Fig. 1. Effect of DL-malic acid on the oxidation of D-alanine and of D~
aspartic acid.

0, consumption observed in the Warburg. In each tray: 20 mg enzyme (stage
2, cf. 1); 30 mgc FAD; 50 mcg catalase; 1 ml pyrophosphate of Na 0.1 M pH 8.3.

Final volume 3 ml, Temp. 38°%. Gas: air.

Curve 1l: Full dots: 30 micro-mol D-alanine; empty dots: 30 micro-mol D-
alanine 4 60 micro-mol DL-malic acid,

Curve 2; 30 micro-mol D-aspartic acid,

Curve 3: 30 micro-mol D-aspartic acid 4 60 micro-mol DL-malic acid.

It is evident from the same figure, however, that the oxidation of the
aspartic acid is considerably slowed by the presence of malic acid. Using
enzyme in the 4th state of fractionation, that is, entirely devoid of D-
aminoacid oxidase activity, some tests were then carried out to determine the
type of inhibition caused by the malic acid. The results obtained, given in
fig. 2 in a plot according to Lineweaver and Burk, clearly show that the malic
acid exerts a competitive type inhibition, The Ki values were not calculated,
as i; was expected that the activities of the D and Lemalic acids could be

tested separately.

Fig. 2, Competitive nature of the inhibition of the D-aspartate oxidase

by malic acid, The activity of the enzyme was observed in the Warburg.
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In each tray: 7 mg enzyme (stage 4, cf. 1); 20 mcg FAD; 50 mcg catalase;
1 ml pyrophosphate of Na 0.1 M pH 8.3,
Final volume 3 ml, Temp. 38°c. Gas: air.
v = ul 0,/min. § = D-aspartate 1072 u.

-2
DL-maliC acid = 2.10 M.

Some preliminary tests with the D and L~tartaric acids showed that also
the latter exerts an inhibiting action of the same order as that exerted by
malic acid. The D~tartaric acid, however, is entirely inactive.

These preliminary results seem to us to be interesting both because the
inhibition by malic acid constitutes a further differentiation between D-
aminoacid oxidase and D-aspartate oxidase, and because the study of the in-
hibition by malic and tartaric acid can furnish indications on the configur-

ations causing the stereo-specificity of D-aspartate oxidase.

(1) C. De Marco et al., G. Biochim., in course of publication.
(2) J. L. still, J. Biol. Chem., 1949, 179, 83l.
(3) J. L. still, E. Sperling, J. Biol, Chem.,, 1950, 182, 585,

(4) M, pixon, K. Kleppe, Biochim, Biphys. Acta, 1965, 96, 368.

Translated by Carl Demrick Associates, Inc./IH/db
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. (*) La tiramina diluita in soluzione fisiolngica & stata snmministrata per os. 1 ml’ DA ACIDO MALICO E TARTARICO, — C. De Magreo. I
IAOO [ di peso corporen. la pargilina venne somministrata in peritoneo 24 h prima della (Pagli Istituti di Fisislogia dell” Universita di Cagliari .h . _‘3
. - tiramina. e di Chimica Biologica dell’ Universita di Roma) g
B i (**) Il DMI ¢ state somministrato i.p. 20 min prima della tiramina. W Tawmea rofogiea e . P S :
T s (*#*%) Ogni valure ¢ la media di 3 determinagioni. In parentesi valori estremi. Sezione di Caghari -~ Seduta del 27 giugno 1966, ! P e i
: . | .
ERN R 4
IR - == Recenlemente ¢ stata messa a punto una metodica per preparare dal b "
rene di inaiale la D-aspartato ossidast ( D-aspartato: 0, ossidoreduttasi, dea- ) In R g
‘ minante. E.C, 1.4.3.1) pur/i.ﬂmvmv purificata (1). Questo enzima messo in { i
: evidenza da Stll e coll. (2, 3). =i differenzia dalla D—aminoacido ossidasi ;i'f - S
Y ( D-aminoacido: 0, ossidoreduttasi. deaminante. E.C. 1.1.3.3). oltreché per i i i
. - At T la specificita di substrato. perché a differenza di quest'ultimo non viene pT Y 5
1 inibito dall'acido benzeico. ¢ fg 3 H
BN . k Ci ¢ parse interessanle ricercare eventuali composti che potessero espli-~ LD poo H
R pe care una inibizione competitiva versv 'acido aspartico. per avere alcune in- P { ¢ i
t y dicazioni preliminari sulle proprictd chimiche e stercochimiche che condizio- g ‘g e
3 s i nano la aflinita del substrato verso enzima. ., : P
P L - : La D-aspartato ossidasi & stala preparata dal rene di maiale come 4 T L ‘
- e precedentemente deserito: si € usato enzima al 2° o al #° stadio di fraziona- g“r, e .
! "."’2' ; mento (1), Liattivita ¢ stata determinata seguendo il consumo di ossigeno al = T H
U ook Warburg. a 38°C, a pll 8,3 in prescnza di FAD e catalasi. £y =7 |
¥ - Poiché Dixon e Kleppe (1) hanno messo in evidenza che alcuni I- e b
R N Fig. 2. B aminoacidi esplicano azione inibente sulla D-aminoacido ossidasi, abbiamo g
A) Ralto pretrattato con pargilina alla dose di 80 mg/kg ip., 1 b prima della tiramina. innanzitutto studiato l'azione dell’acido lLeaspartico sulla ossidazione del 3 g i
5 T. = tiramina. HCI 500 pg iv. D-aspartico. 5i & dimostrato che I'isomero L. non ha alcuna azione inibente,
i DMI = desmctilimipramina 1 meg/kg Wo e« DMI alla dose di 1 g iv. a concentrazione eguale o doppia rispetto al substrato. i
- B) Ratto pretrattato con pargiling aila dose di 80 mg/ke ¢ DMI alla dose di 1 mg/kg iv. Gli stessi Dixon e Kleppe hanno dimostrato inoltre che diversi a—ossia- §n
I rispettivamente 1 h prima ¢ 20 min prima della della .. . N - N .y A The " N
B T. = tiramina. HCl 500 pg iv. cidi eiphcnno anzione i te sulla D-ami A pertanto ¢
e voluto saggiare l'azione sulla ossidazione dell’acido aspartico, dell’ossiacido * !
3 . . . ) corrispondente, I'acide malico. Nella fig. 1 & riportato I'andamento nel 3
T Infine, come si vede dalla fig. 2, il DMI non solo & capace di impedire tempo della ossidazione della D-alanina (come substrato per D-aminoacido G :
. I'effetto ipertensivo della tiramina. ma & capace anche di antagonizzare tale ossidasi) e dell'acido D-aspartico, in presenza ed in assenza di aecido DL~ A :
P effetto quando esso sia gia in atto. malico. Come preparato enzimatico ¢ stata usata in tal case una frazione :
i 4
i v _ §
'*i"ilL...'.,"%_“,’\;,, . b S 3 3
¢
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avente ancora attivita D-aminoacido ossidasica (stadio 2°. ofr, 1). E* evi-
dente che I'acidb malico non ha alcuna influenza sulla velocita di ossida-
zione della alanina: cid & in accordo con i risultati di Dixon e Kleppe. Tale
oasiacido infatti € I'unico tra quelli da essi provati, che non ha alcuni azione
inibente sulla D-aminoacido ossidasi.

80

2
»
200 | s/:
3

100 |

30 60 90 -
min,
Fig. 1. — Efletto lell'acido DL-malico sulla ossidozione della Dealanina e dell'acido
D-aspartico.
Consumo &1 02 scguito al Warburg. In ogmi vaschetta: 20 mg enzima (stadio 20,
cfr. 1); 30 px FAD; 5C pg catalasi; 1 ml pirofosfate di Na 0,1 M pH 8,3,
Volume finale 3 ml, Tuanp. 380C. Gas: arfa.
Curva 1: tondi pieni: 30 p-mol D-alanina,
tondi vuoti: 30 p-mol D-alanina 4 60 p-mol acido DLe-malico.
Curva 2: 30 pn-mol acido D-aspartico. . .
Cupva 3: 30 p-mol acide D-aspartico 4 60 w-mol acido DL-malico.

Dalla stessa figura risulta invece evidente che l'ossidazione dell'acido
aspartico & notevolmente rallentata dalla presenza di acide malico. Utilizzando
enzima al 4° stadio di frazionamento, ciot del tutto privo di attivita D—ami-
noacido assidasica, si suno quindi effettuate alcune prove volte a determinare
il tipo di inibizione causata dallacido malico. I risultati ottenuti, riportati nel-
la fig. 2 in un «plot» secondo Lineweaver e Burk, dimostrano chisramente

1451

che l'acido malico esplica una inibizione di tipo competitivo. Non sono strti

caleolati i valori di Ki, in attesa di poter saggiare separatamente I'attivita
degli acidi D ed L~malico.

o
1 1 -
Y o -\.\"\
v S
. L
&
[J-'loz mm] ‘ &

Qs "

T T

15

-

Sl oM

Fig. 2. — Natura iva della inibizi della D ossidasi da acido wmalico.
Lattivita dell'enzima & stata seguita al Warburyg. .
In ogni vaschettu: 7 meg enzima (stadio 49, cfr. 1); 20 ug FAD; 50 ag catalasi;
1 ml pirofosfato di Na 0,1 M pH 8.3. N
Volume finale 3 m!. Temp. 389C. Gas: aria.
v = pl O,/min. § = D-aspartato 10-2 M.
Acido DLmalico = 2.10-2 M.

1 [aspactico N
b =

Alcune prove preliminari con gli acidi D ed L-tartarico hanno dimo- .

strato che anche quest’ultimo esplica una azione inibente dello stesso ordine
di quella esplicata dall’acido malico. L'acido D—tartarico & invece del tutto
inattivo. ’

Questi risultati preliminari ci paiono interessanti sia perché I'inibizione
da acido malico costituisce una ulteriore differcnzi tra D-ami id
ossidasi ¢ D-aspartato osidasi, sia perché lo studio della inibizione da acido
malico e tartarico potra fornire indicazioni sulle configutazioni condizio-
nanti la stereespecificita della D-aspartato ossidasi.

(1) De Magco C. e corr.. G. Biochim., in stampa.

(2) Stiin J. L. e corvn., J. Biol.. Chem., 1949, 179, 831,

(3) St J. L., Seeruine F.. J. Biol. Chem., 1930, 182, 583,
(4) Tixon M., Kuepre K., Binchim. Biophys. Acta, 1963, 96. 368.
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Formation of a-ketoglutaric acid in the animal metabolism

By P. E. Simola and F. E. Krusius
(Received on Feb. 15, 1938)

In previous investigations, one of us (Simola (1)) had studies the
role of a-glutaric acid in the animal metabolism. It was found for the
first time in 1936 that large amounts of o-ketoglutaric acid are excreted
in the rat urine of certain B-vitamin components are missing. This indicate
in turn that certain B-vitamin components, particularly nl, must be related
in a certain sense to the keto acid metabolism in the entire organism, and
not ounly in the brain. On the other han., 1t was found in 1937 that normal
rats excrete large amounts of a-ketoglutaric acid in the urine after peroral
administration of pyroracemic acid. These load tests proved exactly, pro-
bably for the first time, the importance of a-ketoglutaric acid as an inter-
mediate product in the carbohydrate metabolism.

In order to obtain more information about the formation and reaction
of a-ketoglutaric acid in the animal organism, 1t seemed necessary to study
the excretion of keto acids after peroral administration of sSome biologicall:
important substances, like lactic-, oxalacétic— and citric acid. Tou this
end one ot us (Krusilus) has tried for a long time to develop quantitative
methods of‘determination of a-keto acids, parivicutarly of pyroracemic and
a-ketoglutaric acid, which will be reported elsewhere.

In our investigations of the excretion of a-keto acids which were
carried out as before with rats as test anaimals, we found only minor
changes in the excretion of pyroracemic acid after peroral administration
of lactic-, succinic~, fumaric-malic-, citric- and a-ketoglutaric acid.

With regard to the excretion of a-ketoglutaric acid, we found that con-
siderable amounts were excreted again under load with the acid itself.
Strangely enough large amounts of a-ketoglutaric acid are also excreted

under load with succinic-, fumairic-, malic- and citric acid. After



2

administratfon of lactic acid, no marked changes of the normal o-keto-
glutaric acid were observed in the urine. Our tests on the 1oading with
oxalacetic acld are not yet completed.

Apart from the experimental additional proof of the importance of
a-ketoglutaric acid, these tests show that the vegetable acids succinic,
fumaric-, and malic acid serve as effective intermediate products in the
metabolism and can actually be reacted further in large amounts, and that
the citric acid reaction is very closely related to the carbohydrate meta-
bolism.

We can not go into details here about the mechanism of formation and
certain hypotheses that appeared in the literature on the reaction of a-
ketoglutaric acid. The presence of other metabolites in the urine after
administration of the above mentioned acids will be reported later,
Medical-Chemical Laboratory of the University of Helsinki.

Helsinki, Feb. 12, 1938.

(1) P. E. Simola: Suomen Kemistilehti B, IX, 19-20, 1936; B, X, 19, 1937.
~ Paper delivered at the 19th Scandinavian Scientists Convention in Helsinki

1936 and at the 5th Nordic Convention Gf Physiology in Upsala 1937.

(Translated by Carl Demrick Associates, Inc./IE)
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STUDIES ON THE CAR SOHYDRATE METABOLISM OF SHEEP

PRI
T s i

At e o St .

N CTHE INTERPRETATION OF CHANGES IN THE LEVELS OF METABOLIC INTERMEDIATES

ety

AFTER INTRAVENOUS INJECTION OF PROPIONATE, SUCCINATE, AND MALATE
By R. L. Rem* and S. C. MiLus*
{ Manuscript received December 12, 1960]

Summary

Blood levels of pyruvic, citrie, and a-oxoglutaric acids in sheep are similar to
those in man. Citric acid declines markedly on fasting; levels in ewes with pregnancy
toxaemia are not significantly different from those in fasted, pregnant ewes. The
presence of low citric acid levels in ewes with pregnancy toxaernia in which blood
glucose levels ave normal or ubove may further support the suggestion that there is
an interferenee with glucose utilization in pregnancy toxaemia.

Intravenous injection of propionate, succinate, and malate into fasted,
pregnant ewes always lowered blood ketones, but it is not known to what extent this
response is rnerely a consequence of increused blood glucose following injection.
[njected propionate disappeared mote rapidly than injected ncetate.

Propionate injection into fed, non-pregnaut ewes is followed by an immediate
increase in blood glucose to high levels; tho disappearance of excess glucose appears
“to follow the pattern of a normal glucose tolerance curve. Blood pyruvie acid
increases markedly with blood glucose. Suceinate and malate injections are followed
by small increases in blood glucose and pyruvie acid. The difficulsy of interpreting
changes in blood glucose in inadequately trained experimental animals is emphasized. . ;

Consistent, significant increases in blood oxalacetic acid did not occur in
response to either propionate, succinate, or malate injection. Blood eitric and
a-oxoglutarie seids incrensed markedly after succinate and malate, but not after
propionate injection. '

The data are discussed in relation to metabolic pathways in sheep tissues;
it is concluded that this type of in vivo experiment is of limited value.

I. INTRODUCTION

The studies reported here began in investigations several ycars ago into the
possible role of oxalacetate insufficiency as a cause of moderate ketosis in under-
nourished pregnant ewes (Reid and Hogan 1959). The observation that blood citric
acid levels increased under conditions probably associated with a stimulation of .
rricarboxylic acid cycle activity, following either feeding (Reid and Hogan 1959) or
ulveerol administration to hyperketonaemic ewes (Reid 1960a), led to investigation of i :
the effects of intravenous injection of the oxalacetate precursors succinate and malate, D
and also of propionate, on hyperketonaewia and on blood citrate levels. Anomalous
: results with propionate led to closer investigation of changes in blood levels of several ' :
metabolic intermediates following injection of propionate, malate, or succinate, ‘ : :
The results of these studies are presented in this paper. ‘

* Division of Animal Physiology, C.8.LR.O., lun Clunies Ross Animal Research Laboratory, ’ - - 7 :
P mpeet, NSV ' |
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1. BExreriMexran MeETHODS

Experintents were carvied out on Merino or Corvicdale ewes. Injection experi-
mients on fed sheep were carried out in the morning, hefore feeding. Propionate,
succinate. and malate {free acids In 11 aqgueous solution neutralized to pH 7-4 with
sodiun hydroxide) were injeeted into an external jugular vein at dose rates of 2 or
2.25 m-moles per kg body weight, over a period of 2 min. Post-injection blowd
samples were obtained from the external jugular vein on the opposite side.

All analyses were on whole blood, Analyses for glucose, ketone bodies, volatile
fatty acids (V.F.A), and citric acid were cartied out on blood collected with potassium
oxalate as m\ti(‘naglllzmt; samples were analysed immediately, or after storage at
—20°C. Clucose was determined by the method of Somogyl (1937, 1952), ketone
bodies by the method of Green and Eden (Reid 19600), and V.I.A. by a modification
of McCUlendon’s (1044) microdistillation procedure (Reid 19506). Citric acid was
estimated by a modification of the method of Speck, Moulder, and Evans (1946) as
outlined by Reid and Hogan (1959). The errors of these methods have been discussed
elsewhere (Reid 1930«, 19600; Reid and Hogan 1959).

Pyruvic acid and total keto-acids were determins? »y the method of Friedemann
and Haugen (1943) on blood measurved directly into culd 10% (w/v) trichloroacetic
acid. At the same molar concentrations as pyruvate, the errors introduced into the
pyruvate method (xylene extraction; readings at 30 mp) by the presence of
a-oxoglutarate, acetoacetate, and oxalacetate were 2. 18, and 25%, respectively.

But, at the highest concentrations of these three z:ve-acids actually encounteved.
the maximum errors caused by each in the estimaticn 2 wvravate were respectively

qmg %), In experiments
1s have been corrected
_isble interference in the

+0-25, +-0-1, and -+0-1 mg pyruvic acid per 100 mi o
where a-oxoglutaric acid was determined, pyruvie ac:
for a-oxoglutarate interferenve. Acetoacctate caused

estimation of total keto-acids (ethyl acetate extractivg:

e direetly into meta-
== were extracted by the

Bloord for a-oxoglutarie acid estimation was
phosphoric acid (104 w/v) solution. Keto-acid hye.
method of el Hawary and Thompson (1953) and sex- 1 chromatographically on
paper dipped in 0-153 phosphate buffer at pH 6-- srweod and Cruickshank
1054). Recovery of a-oxoglutarate added to blood wias =7y,

Oxalacetic acid was determined on blood collecte:! s.ivectly into an equal volume
of 89, (w/v) trichloroacetic acid eooled to just above frewzing point ina dry ice-alcohol
mixture. The method was that of Kalnitsky and Tupley (1938); recovery of
oxalacetate added to blood was 809,. Previous attemypss to estimate oxalacetic acid
after chromatographic separation of the keto-acid hydiozones were unsatisfactory,
because of the variable amount of decarboxylation to pyravie acid in the presence of
amounts of pyruvic acid which were themselves varying during the experiment.

1L Resvers
(«) Blood Levels of Pyruvie, Citric, Oxalacetic, and a-Oxoylutavic Acids in Sheep

Mean prefeeding levels of glueose, ketones, and V.F.A. in the blood of 24 non-
pregnant ewes fed on variows diets were previously given as 83 -+-1-2, 1-54-0-2, and
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CARBOHYDRATE METABOLISM OF SHEEP., XIU 915

o2 mg % (ketones as acetone) respectively {(Reid 1960c). Most of thése analyses
o on ewes fed on roughage diets consisting of various proportions of chafted
1 aten aod lueerne hays. Mean levels of pyruvic, citric, oxalacetic, and a-vxoglutaric
Ll in blood collected prior to feeding from the same or similar ewes fed on similar
iakes of similar diets were 1-0+0-3, 3-0.£0-25, 0-1640-02,and 0-3840-12 mg %
;(-u!h'«'[i\'(‘l)" (Table 1).

Citric acid levels declined during fasting. Too few figures ave available from
pen-pregnant ewes for inclusion in Table 1, but levels of 0-8-2-2 mg % have been
peeorded. It is not known whether levels are higher during fasting in non-pregnant

) TasrE 1
wLOOD LEVELS OF PYRUVIC, CITRIC, OXALACETIC, AND a-OXOGLUTARIC ACIDS IN SHEEP

{

Mean Blood

| !

\ |
No.of | No.of! R Mean + 8.8, ¢
No. o 0.0 ange Tean 8. E | Glucose .12,
!

Analyses | Bwes | (ing %) {mg %)

Analysis

1 (mg o)
— — : ‘
thvruvie acid: 1;
Fud, non-pregnant ewes™ 50 ;28 g5 -2-0 i 1-0 £0-03 ! 10-0-£0-9
¢itrie neids ';
{'ed, non-pregonant ewes* 23 16 i1-4-6-8 | 30 £0-25 40-641-3
ted, pregnant ewes* 17 17 5 1-2 -6-5 | 3-4 +0-32 39-9.£1-4
Fasted, prognant ewes* 20 15 :0-4 ~1-4 109 30-07} 22:71+1-4
Iwes with pregnancy toxaemia: ' |
Induced in laboratory™® 35 12 ! 0-6 -2-1 [ 1-0 £0-08 i 20-42+2-4
Field cases 28 14 '50-5 ~1-8 10-9 40-03 35-3.L6-1
vnalaeetie aeid: !
Feil, non-pregnant owest 17 | g Q-0a-0-251 0- 164-0-02 —
-Uxoglutaric acid: f ,
el non-pregoant ewost 8 + %U- 10-0-60) 0-3810-12 —
i

* Most analyses on ewes fod on roughage diets consisting of various proportions of chaffed

whwaten and lucerne hays.
t All unalyses on ewes fed on equal parts chaffed wheaten and lucerne hays.

than in pregnant ewes; t00 few comparisons have been made under the same experi-
mental conditions. It should be noted that values in ewes with pregnancy toxaemia
are not differcnt from those in fasted, pregnant ewes.

(b) Propionate, Succinate, and Malate 1 njections inlo Fasted, Pregnant Ewes

The effects of injected propionate and succinate on blood glucose, ketone, and
citrate levels in ewes fasted in late preguancy were studied in “reversal’” experiments
i two ewes on the same two days (Figs. 1, 2).

Injected propionate disappeared from the blood within 45 min (Fig. 1). Unlike
it of acetate (Reid 1938), its disappearance did not appear to follow an exponential
function with respect to time. The concentration of blood glucose increased very
tapidly after propionate injection to levels slightly above normal; blood ketove
cancentration drelined appreciably (Fig. 2). Blood glucose increased more slowly
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CARBOHYDRATE METABOLISM OF SHEEP. XIIL

st 3
[nereases in blood levels of keto-acids other than pyruvic acid, following s
bt and malate injections, could obviously be duc to increases in blood oxalacetic ’
L.t Alternatively, in view of the marked increases in citric acid levels, they could
© - Jdue to increases in a-oxoglutaric acid.

Pxperiment 3 was carried out to investigate these possibilities; the observations
«ade ave presented in Figure 8. It was originally intended to compare the effects of
vine. propionate, and malate injections in the same two ewes. This proved impractic-

b, as ewe 76 died following the injection of supposed l-malate from a new batch
which subsequently proved to be not as labelled. Ewe 99, from the same group of
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oo

80

o
&)
T

.
on e k<

BLOOD GLUCOSE (MG %)
o ]
o o
)] i

S50~

[
4°|_1 1 1 3 t 1 ) .
o 30 60 90 125 150 180
MINUTES AFTER INJECT:CN

Fig. 7.—Blood glucose following intravenous injection of adrenaline in i
four experiments on two trained non-pregnant ewes. |

ewes, and on the same ration (20 g per kg body weight of equal parts chaffed wheaten ‘
and lucerne hays) was included to complete the experiments. A previous succinate
injection experiment on ewe 76 is included for comparison.

_ ; L

s Saline injections were followed by slight, though definite increases in blood : b

3l X S s . . . H [

: vlucose level, but no significant changes in other blood constituents studied (Fig. 8). ; o

Ao . Lo

Silar As in experiment 1, blood glucose increased to high levels after propionate, : '

returned to pre-injection levels in 1hr, and then declined below pre-injection levels. :

. Smaller inercases in glucose level following malate and succinate tended to be ; Ll

Zo e . : ) : :

h maintained during the 2 hr of the experiments. : I
o~ . i

ate, Pyruvic acid increases after propionate injection were not as great as in ' '

experiment 1, but were greater than those following malate injection. '- ‘ )
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920 R. L. REID AXD S. C. MILLS

As anticipated, changes following malate and suceinate injections were very
similar. Increases in levels of blood keto-acids other than pyruvie, and in citric ariq.
were marked, in contrast to small increases following propionate injection. Blood
glucose and pyruvate increased rapidly to high levels after propionate injection.

In contrast to experiment 1 (Fig. 4), blood glucose did not return to pre-injection
levels following propionate injection. These ewes were accustomed to handling and

to other experimental procedures, but not to the procedures associated with injection -

experiments; saline injections in two ewes were followed by substantial increases
in blood glucose (Fig. 6).
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Fig. 6.—Effect of intravenous saline injection on blaod . ucose, pyruvic acid,

and ketones. @————@ Ewes from same group «s “=ose in experiment 1
(Fig. 4); O=-—---0 ews which received malate in sxperiment 2 (Fig. 3);
A —~~—=— A ewe which received succinate in exc-riment 2 (Fig. 4).

In view of these observations, the effect of injected adrenaline on hlood glucose
is of interest (Fig. 7). In four experiments on two trained =wes, blood glucose increased
from pre-injection levels of 48-57 mg 9, to 80-00 g % within 8-11 min; these
high levels were then maintained for at least 60-170 min. These results are similar
to those obtained by Schultze (1959) on calves.

The substantial sustained increase in blood glucose after saline injection (Fig. 6)
may obviously be a result of stimulation of the sympatho-adrenal system in these
ewes; blood glucose changes in the same or similar ewes after propionate, succinate.
and malate injections (I'ig. 5) are thus difficult to interpret. \
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CARBOIIYDRATE METAROLISM OF SHEEP. XIIT 919

Verv rapid removal of prbpionnte was accompanied by a rapid increasc in
Lo grlucose, to levels much higher than recorded in fasted pregnant ewes. The
amoval of excess glucose after 30 min appeared to follow the pattern of ‘a normal
ucose tolerance curve, glucose jevels declining to below pre-injection levels at
2 hr. as in glucose tolerance tests in which glucose removal was also rapid (Reid 1958).
Inereases in blood glucose level following succinate injection were less than in fasted
pregnant ewes; glucose declined after reaching n peak only 15 min after injection.
{n vontrast to those obtained with fasted pregnant ewes, increases in glucose after
hoth propionate and succinate injection were not sustained.
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Fig. 5.—Changes in blood glucose, pyruvie acid. citric acid, and

keto-acids other than pyruvie acid in three ewes after intravenous

injection of propionate, succinate, or malate (225 m-moles per kg
body weight).

Changes in blood pyruvic acid paralleled changes in blood glucose, particularly
after propionate injection; ketones declined in two experiments. But, in the two
experiments in which total keto-acids were also determined, the level of keto-acids
other than pyruvic acid increased markedly after injection of succinate, but not
after that of propionate (Fig. 4). '

Frperiment 2

Phe metabolic effects of propionate, succinate, and malate were next compared
in experiments on three ewes. Total keto-acids and citric acid were determined in all
experiments (Vig. 5).
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¢) Propionate, Succinate, and Malate Injections into Fed Non-Pregnant Ewes
] J q

Eaxperiment 1

The effects of injected propionate and succinate on blood glucose, pyruvic acid,
total keto-acid, and ketone levels in fed, non-pregnant ewes were studied in “reversal”
experiments on two ewes on the same two days (Fig. 4). These ewes were accustomed
to this type of experimental procedure; saline injection into other ewes of the group
was known to have no significant effect on blood glucose, pyruvie acid, and ketones
(Fig. 6).
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Fig. 4.—Changes in blood glucose, pyruvic acid, keti-qa:2:ds other than
pyruvic acid, and ketone bodies after intravenous injzciisn of propionate
and succinate (2 m-moles per kg body weighti.

In contrast to the fasted pregrant ewes in which blood V.F.A. levels were
34 and 42 mg %, 15 min after propionate injection (Fig. 1), V.F.A. levels had already
returned to 10 g 9, in the non-pregnant cwes at this time; the removal of injected
propionate was virtually complete within 30 min. Acetate injections at the same
dose rate and into the same sheep showed clearly that propionate was removed more
rapidly than acctate; this confirms the observations of Jurrett, Potter, and Tilsell
(1932).
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‘The blood citrate level increased markedly after malate injection in the two

(periments in which it was measured (Fig. 3).

€0

[
[+]
T

-3
[=]
T

GLUCOSE (MG %)
W
o
1

20

Lt 1 1 : 1 |

o

LY
ONE %)
E- 1]
5 3
1 1

W
(¢}
T

A s, AL taatal

n
Q
T

KETONES {AS MG ACET

rioreedd s

3

Mo

AL

ciTRiC ACID (MG %)

TG

L

1 i [

3
HOURS AFTER INJECTION

(2) 3)

Fiy. 2 —Changes in blood glucose, Letones, and citric acid in fasted pregnant ewes after intravenous
mjection of propionate or succinate (2-25 m-moles per kg body weight). All experiments were
done on two successive days.

[ ] o Ewe 25; propionate injection after 2 days of fasting.

Q- ——— @ liwe 23, succinate injection after 3 days of fusting.

O——0 Ewe 506; propionate injection after 3 days of fasting.

Q- ~—~ 0O Ewe 806; succinate injection after 2 days of fasting.

Fig

4

3.~ Changes in blood glucuse, ketones, and citric acid in fasted pregnant ewes after intravenous

injection of malate (2-25 m-noles per kg body weight). All experiments were done on tho snme
day after 3 days of fasting. @ Fwe 763; O ewe 764; A owe T76.
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016 R. L. REID AND S. C. MILLS :

= after succinate injection, to levels near normal; changes in ketones were similar to The !
those after propionate injection (Fig. 2). However, whereas increases in blyod Cvperiment
citric acid after propionate injection were small, large increases followed succinate
injection (Fig. 2). L
Three experiments were carried out in which the effects of intravenous malata-
injeetion were studied (Ifig. 3). The blood ketone level after injection in one ewn N
(763) was similar to that in ewe 25, previously given succinate (Fig. 1); changesin - -
blood glucose and ketones were also similar. In general, the degree to which ketone " ;
§ 7 ’0’,’
. ' - i . 14
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Fig. 1.—Disappearance of pre inrate injected
T:.,, intravenously into fasted preguanc ewes (2:25
g m-moles per kg body weizkr. ® Ewe 23; (2
O ewe 806 (sce Fig. 2., v
Fisr. 2. —Cha
’ levels declined after succinate or malate injection dopended on the pre-injection ketoue o oyetion of
. . e . . . ot on tw
. ‘ level; the greatest decline oceurred following suceinate injection into ewe $06, which Rt
: showed the highest ketone level (Fig. 2); the least decline was in ewes 764 and 778
(Fig. 3) after malate injection. Mowever, it should be noted that no appreciable
change in ketone level occurred in ewe 76+ after malate injection and that this lack
o of response was associated with only a small increase in blood glucose. As the rate ot Fie 3o Cla
removal ol injected glucose appears to depend on the number of fuetuses (Reid 196), mjeetion of
it may be significant that this ewe was the only one in the experiments which carried
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Pronounced increases i :
. ases in both a-ox i itri i
. oopounced ine 'ao.\‘oglutauc and citric acids followed malate
n succinate injections, but no significant changes occurred after propionat
stad B o 3 M ‘ 4 e
o consistent changes occurred in oxalacetic acid levels. o

- Kef(ones showed a tendency to decrease but pre-injection levels were very low
n two fasted. non-or 1 8-3 e 07 v
o fasted, non-pregnant ewes, ketones decreased from 6-7 and §-3 mg % ¢

7o U

9. ‘ o, Y . . . k
2:0 and 3-0 mg 9 respectively following succinate injection.
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IV. Discussiox
le
| The mean blood pyruvic acid level of 1-0 mg %, recorded here in fed, non
: regnant ewe o8 Wi ey - ’ o ' X
| (pJ 74 " e;as compares with previously recorded values of U7 mg 9, for sheep
Jarrett ¢ > = o N ) .
i ¢ dx;) tan (Il’g:it(;r 1954) and 10 mg % for man (Milier 2 al. 1052) Heyndrickx
: nd Peeters recorded a mean v 7 0y | os
o ) nean value of 0-7 mg 9, in cattle plasma. These

(Ltl.uest.\\'crcfobtamcd by the method of Fricdemann and Hiaugen (1943); the
e lmm l(}ll of pyruvic acid after chromatographic separation on paper gives lower
value _',";— [OR N . . . . v 3

s of U‘ W omg G in cattle (Bach and Hibbitt 1959) and 0-3 mg ©. in man
(Cavallini, Frontali, and Toschi 1949) o ‘
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CARBOHYDRATE METABOLISM OF SHEEP. XIII 923

There appear to be no previous data on blood levels of citric, oxalacetic, and
coxoglutaric acids in sheep. Our mean citric acid values of 3-0 and 3-4 mg % in
fcd non-pregnant and pregnant ewes respectively compare with values of 4-4 mg %
(Bach and Hibbitt 1059) and 2:6 mg % (Heyndrickx and Peeters 1960) in cattle
and 1-91mg % in man (Wolcott and Boyer 1948). Our mean a-oxoglutaric acid value
of 0-38 my % compates with 0-19 mg % (Bach and Hibbitt 1959) and 0-10 mg %
(Heyndrickx and Peeters 1960) in cattle and 0-2 mg o/ in man (Cavallini, Frontali,

and Toschi 1949).

We have previously shown that blood citric acid declines in ewes undernonrished
in late pregnancy, and that citric acid levels in fed ewes are correlated with the
egree of undernourishment, as indicated by the level of blood glucose (Reid and
tlogan 1950). Lowest lovels of citric acid are reached in severely hypoglycaemic
fasted pregnant ewes; values are also low in ewes with pregnancy toxaemia induced
i the laboratory, in which blood glucose values are similar to those in fasted, pregnant
ewes (Table 1). But normo- or hyperglycaemia is relatively common in field cases of
pregnancy toxaemia (Reid 1960c); the mean blood glucose in field cases in which
vitric acid was also determined was in the normal range (Table 1). 1f, as previously
suggested, blood citric acid levels reflect the level of tricarboxylic acid cycle activity
within the tissues (Reid and Hogan 1959; Reid 1060a), the fact that blood citric
acid in these field cases of pregnancy toxaemia is as low .as in hypoglycaemic ewes
supports the suggestion of a depression of glucose metabolism (Reid 1060z, 1960c,
1960d).

If the analogy between the ewe with pregnancy toxaemia and the diabetic
animal is correct (LReid 1960a, 1960c¢, 1960d, 1960¢), this depression is likely to occur
at a level of metabolism above pyruvate; intravenous glucose injection is followed
hy a pronounced increase in blood pyruvic acid in normal man (Bueding and Goldfarb
1943; Amatuzio el al. 1952; Miller et al. 1952), but not in diabetic individuals
(Amatuzio et al. 1952; Miller et al. 1932). Blood pyruvie acid also increases after
intravenous glucose injection into normal sheep (Jarrett and Potter 1954; Reid,
unpublished data), but no detectable increase occurred in three ewes with pregnancy
toxaemia (Reid, unpublished data).

Bach and Hibbitt (1959) recorded high pyruvate and low citrate levels in cows
with clinical ketosis; blood a-oxoglutarate levels were also high. They concluded that
an interfercnce may take place with certain reactions of the Krebs cycle. Unfor-
tunately, they comparcd ketotic cows with normal, fed animals. It appears possible
from results presented here that part, at least, of the differences observed are not
specific to the clinically affected animal, but are a normal conseguence of fasting.
Low citric acid levels may reflect a lowered metabolic rate and a lowered rate of entry
of acetyl-coenzyme A (acetyl-CoA) into the tricarboxylic acid cycle.

The ketolytic effect of succinate in human diabetics is very variable (Beatty
and West 1951). But succinate and malate each consistently reduced blood ketone
levels in fasted pregnant ewes (Iigs. 2, 3). However, a sustained increase in blood
glucose occurred in all experiments; glucose injection would have heen expected to
reduce blood ketones in these ewes (Reid 1960q). It is obviously impossible to
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differentiate between direct effects of succinate and malate on ketone utilization
conversion to oxalacetic acid and indirect effects arising
levels. The fact that the fall in ketones was usnally

after
from increased blood glicose
greater than would be expected
after glucose injection, although blood glucose levels were much lower (Reid 10600),

is suggestive, but not conclusive. )

Ho and Reber (1957) found that blood ketones in fasted, pregnant ewes declined
after the injection of oxalacetic acid, and concluded that “oxalacetate wag the
effective substance in reducing ketone bodies”. This interpretation is scarcely
justified, because they recorded sustained increases in blood glucose far greater, in
some animals, than could possibly be accounted for by conversion of oxalacetate to
glucose, and because they carried out no control experiments,

The data of experiments presented in this paper emphasize the importance of
suitable training of animals for experiments in which changes in blood glucose are
& feature. The propionate injection experiment in Figure 5 is presumably confounded
by a blood glucose increase following sympathetic stinulation. The experiments
on fasted pregnant ¢wes (Fig. 2) may likewise be confoundad, with the additional
complication that the blood glucose changes are presumah!ly ruodified by the presence
of the foctus (Reid 1960a), and possibly by insulin insufeciency (Reid 19604,
Although DLlood glucose increases as rapidly after adrenaline as after propionate
injection, it appears unlikely that the experiments reeord: in Figures 4 and 7 are
similarly complicated. The blood glucose changes after saiir: riection indicate that
the injection procedure had little eltect; the rapidity with which the excess glucose
was removed (in contrast to the experiments in Figurss 7 an
a contention that propionic acid itself stimulated adrenaline ==

{ 3} does not support
Tztion,

Because the increases in blood glucose following succinz-- o4 malate injections
are much less than after propionate, the confounding e -rmpathetic stimu-
lation make interpretation more diffieult. In the exp ¢ on inadequately
trained animals (Figs. 2, 5), blood glucose increased by 22-- "~ . and this increase
tended to be maintained throughout the experiment. Hew- . .~ in the experiments
on trained animals (Vigs. 4, 7), glucose increased by only - 7 =1 % to a definite
peak at 15-30 min after injection and then declined. The :- t glucose may be

13 little significance.

@

still above the pre-injection level at 2 hr (Tig. 8) probak::-

At the dose rates used, conversion of succinate or malare 5 zlacose could have

caused a temporary increase in blood glucose of the order of sniy 10 mg %.

Injected succinate and walate may be metabolized via at least three pathways,
all of which involve oxalacetate as an intermediate: (i) corversion to phosphoenol-
pyruvate and thence to glucose; (ii) conversion to pyruvate and ‘fience to acetyl-Cod;
(iii) conversion to oxalacetate, followed by re-eutry into the tricarboxylic acid
cycle. The operation of these pathways would explain the effects of suceinate and
malate injection on blood levels of glucose and of pyruvic, a-oxoglutarie, and eitric
acids. Failure of accumulation of oxalacotate would then be due to the high lability
of this mctabolic intermediate, any tendency to accunulate being counteracted by
rapid decarboxylation to pyruvate.  Previous experiments have shown that
intravenous injection of succinate and malate increases urinary excretion of citrate
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CARBOHYDRATE METABOLISM OF SHEEP. XL

Tter and a-oxoglutarate in rats and rabbits (Orten and Smith 19373 Krebs, Salvin, and §
R Johnson 1938 Nordmann e al. 1955). - R
" Likowise, malonate injection increases urinary excrction of citrate and

1i ] . ay- - (] . < A N
T w-oxoglntarate (Orten and Smith 1037; Krebs, Salvin, and Johnson 1938; Lee and CoRE e

Lifson 1051). Blood and tissue citrate levels are increased by fluoroacetate injection

tevd {Buffa and Pcters 1950; Potter, Busch, and Bothwell 1951). In the only studies
b carried out on ruminants, oral fluoroacetate increased blood citrate levels (Jarrett ‘
viv and Packham 1956). The possibility that injected succinate and malate would also
in block the tricarboxylic acid eycle, leading to accumulation of citrate and a-oxoglut-
to arate, but, again, not of oxalacetate, mmust also be considered. Such an effect might
influence the response of blood ketones in fasted, pregnant ewes; acetyl-CoA. oxidation
of might initially be stimulated, but later blocked by accumulating cycle intermediates. :
are However, the precise metabolic significance of the data obtained following
e succinate and malate injection is by no means clear. For example, the activity of
nta isocitric dehydrogenase in the extra-mitochondrial region of the cell is very high. ;
- Accumulating citric acid may be released from mitochondria with the subsequent 31
e formation of a-oxoglutarate by a rcaction outside the tricarboxylic acid cycle. i
5. The concentrations of citric and of a-oxoglutaric acids in blood may thus reflect an
-te interaction between enzyme systems of different cell compartments and not simply i i
e the activity of the tricarboxylic acid cycle as such. : 7 o
. 1.
* The present experiments, on the intact animal, in which the metabolic changes
“‘ following propionate injection are so different from those following the injection of
™ : suceinate or malate, do not appear to support the hypothesis that propionate is ‘ i
metabolized via succinate according to the scheme proposed by Flavin, Ortiz, and : i
i1 Ochoa (1955). However, it is clear that the metabolic system is so complex that such i
1. a conclusion would be unwarranted; the measured changes in blood levels of meta- :
holites will reflect the intcrplay of all the different tissues of the body. Different i
- tissues differ in their ability to activate and oxidize different substrates; injected §
ta propionate may be metabolized largely in liver whereas injected succinato and malate i
e may be metabolized largely in extra-hepatic tissues. Differential permeability of %
* cellutar and subcellular membranes associated with differences in the physicochemical :
S properties of the injected compounds may markedly influence the results observed. ~
" A Finally, it is by no means clear whether the pronounced increase in blood
glucose following propionate injection is actually a result of direct conversion of D {
3, propionic acid. The rate of increase of blood glucose is so very rapid (Iig. 4) that ‘ Lo
1 this may seem unlikely. On the other hand, injected propionate disappears very " bgp oF
-t ' rapidly indeed in non-pregnant. ewes, the maximum glucose level after injection ‘ l,
d coincides with or precedes the virtual disappearance of propionate, and the subsequent: ; A
disappearance of glucose follows the pattern of the normal glucose tolerance curve. L
¢ These ol}servations are also consistent with the suggestion that the increase in blood -
- glucose is due to o “sparing” cffect of injected propionate on glucose oxidation. ' o !
: 1t must be concluded that the experimental approach used in the injection 1
" experiments reported here has but limited application; the data merely confirm i
i that the tricarboxylic acid cycle operates in sheep tissues. : it
j[
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key-kidney -antigen and to Fortner-tu-
mor antigen in 2 weeks, indicating that
development in hamsters of antibody to
LCM is unrelated to the development
of tumors.

No evidence of LCM has been ob-
served in any hamsters bearing the
Fortner fibrosarcomas. Newborn ham-
sters inoculated with cell transplants
shortly after birth develop visible tu-
mors in 7 to 10 days; the tumors en-
large rapidly and most animals die with
massive tumors (25- to 50-mm) in 14
to 31 days. Weanlings develop palpable

tumors within 10 to 12 days after re- -

none died after 2
growth of

ceiving implants;
months pf progressive .
tumors. "

The data indicate that the Fortner
fibrosarcoma No. 2 is contaminated
with LCM virus and that presence of
this virus in tumor transplants is re-
sponsible for the antibody response ob-
served in tumor-bearing hamsters. Pre-
liminary studies reveal that serum and
‘organs (brains, lungs, liver, spleen, and
kidney) from tumor-bearing hamsters
that received implants during the first
24 hours of life also contain LCM vi-
rus. Consequently transplantation of
tumor fragments from hamster to ham-
ster results in a generalized infection
and is simply a mode of inoculating
virus. Dcvelopment of high-titer com-
plement-fixing antibody in weanling
hamsters within 2 weeks of inoculation
with ccll-free tumor extracts corrob-
orates this point.

Weanling hamsters bearing trans-
planted tumors induced by the Schmidt-
Ruppin strain of Rous-sarcoma virus
and an avian adenovirus-like agent
(chicken-embryo lethal-orphan virus,
CELQ) (10) were housed in the same

. room with the animals bearing Fortner-

.

fibrosarcoma No. 2 tumors. A number
of the weanlings developed 1.CM-anti-

body titers of 1:80 or greater. Both the -

Rougl.‘ and the CELO tumors were
“known” tp’ be free of 'LCM virus in
earlier passages. One CELO-tumor anti-
gen reacted at a 1:32 dilution with spe-
cific hamster antiscrum to LCM. Also
a number of hamsters bearing various
primary or transplanted tumors (fuce of
LCM in earlier passages), and housed
_in nearby facilities serviced by the same
personnel, have developed complement-
fixing antibody to I.CM. Such data
sugpest that infected hamsters shed
I.CM virus and that a colony of sus-
ceptible hamsters may become contam-
inated with LCM h) exposure to fo-
miles. | -

Several wecks «after

364

the hamsters
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bearing Fortner-fibrosarcoma No. 2
tumors were introduced into the animal
colony, personnel working with these
animals developed  influenza-like  ill-
nesses and serological evidence of
I.CM infection. This is further evidence

of environmental contamination and in-.

dicates hazards that may attend work
with transplantable rodent tumors, even
when such transplanted tumors are de-
rived from spontaneous or chemically
induced neoplasms. The Fortner fibro-
sarcoma No. 2 had been contaminated
by LCM while it was carried in certain
other laboratories working on LCM in-
fection in mice. Tumor samples re-
ceived from one such laboratory were
free of LCM virus and antigen,

Sabin (77) has shown that serolog-
ical reactions to isoantigens in trans-
planted tumors may resemble the vi-
rus-specific . reactions  described by
Huebner et al. (1). Our results demon-
strate that a contaminating virus also
may be a source of misleading results.
Awareness of possible contamination
of hamster tumors by LCM is also im-
portant for the protection of personnel.
Presence of LCM virus in tumors has
one possibly useful aspect: since the
titer of LCM-complement-fixing antigen
is superior to that obtajned in other
systems, the tumor extracts may be use-
ful as potent and cheqp dlagno‘;tlc re-
agents.

ANDREW M. Lewsis, JR.
WALLACE P. Rowe
HorAcE C. TURNER
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Rabbit Muscle | / ‘i 7

Lactate 'Dehydrogenase 5;
A Regulatory Enzyme

Abstract, Lactate dehydrogenase iso-
zyme 5 from rabbit skeletal muscle is
activated by citrate, cis-aconitate, iso-
citrate, a-ketoglutarate, succinate, fu-
marate, malate, aspartate, and gluta-
mate. In the presence of these
activators the shape of the pyruvate
saturation curve is changed from siy-
moid to hyperbolic. Lactate dehydro-
genase isozyme 1 from rabbit heart
gives a hyperbolic pyruvate saturation
curve and is not activated by these
compounds, Oxalacetate is a competi-
tive inhibitor of both isozyme 5 and
isozyme [ but at low concentration it

activates the former. These results in-.

dicate that lactate dehydrogenase iso- .

zyme 5 from rabbit skeletal muscle is

an allosteric protein and a regulatory

enzyme, while lactate dehydrogenase
isozyme 1 from rabbit heart is ap-
parently neither.

»
A regulatory enzyme is one which

takes part in the intracellular control -

of metabolic pathways. Evidence is
accumulating that such enzymes have
a number of characteristics in com-

mon; for example, (i) they are com-’

posed of subunits; (ii) the substrate

-saturation curves under certain con-

ditions are sigmoid shaped; and (i)
they undergo conformational. changes
when exposed to “effectors” - (/).
The effectors may be activators or in-
hibitors and are bound to the enzyme
at a site distinctly different from the

" substrate site. This type of molecular

glteratlon has been termed .an allosteric
transition-«(2) and, as pointed out by

“Umbarger (3), is a special case of the

“induced-fit” hypothesis of - Koshlanc

"~ (4). - Aspartate transcarbamylase is &
‘classic example: of a regulatory en- :
szyme (5-7). L.

. The subunit nature of various lac- '
‘tate ‘dehydrogenases

has been ‘well
documented (8). This report will pre-
sent evidence that lactate dehydrogen-
asc isozyme 5 (LDH 5) from rabbit
skeletal muscle has a sigmoid-shaped
substrate saturation curve which be-
comes hyperbolic in the presence of 2
number of effectors. The results sus-
gjst that this isozyme can be classified

a regulatory enzyme.

Twice recrystallized rabbit musclc
LDH, which contains all five i-o-
zymes, was purchased from Worthi'
ton Biochemical Corporation. Pure
LDH 5 was obtained from this prepa-
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slion by chromatography on dicthyl- pounds had little effect on the reac-

minoethyl Scphadex (9). Isozyme 1 tion catalyzed by LDH 1. Oxalacetate, -

vas prepared from rabbit heart by the the remaining citric acid cycle sub-
«ethod of Wachsmuth and Pficiderer  strate, is an analoguc of pyruvate and
9). The bands were identified elec- is a competitive inhibitor of LDH 5

‘ rophoretically on polyacrylamide gels at concentrations greater than 7 X

o,

_pH 10.0. Assays were performed 10-*M, However, oxalacetate activates
by measuring the rate of change of the LDH 5 at lower concentrations. In
#0 my absorption due to oxidation contrast, oxalacetate, at all concentra-
of reduced nicotinamide adenine dinu-  tions, inhibits LDH 1 (Fig. 1). Ger-
deotide (NADH) in a Beckman DU hart and Pardee (6) have made simi-
spectrophotometer at pH 7.4 and at lar observations with aspartate trans-
$° or 37°C. Protein determinations carbamylase, using the aspartate ana-
were based on a molar extinction co- logues maleate and succinate. They
eiicient for rabbit muscle LDH of have interpreted their data as being
124 X 10° at 280 my (10). Enzymc consistent with the idea that binding

} diutions were made with “Microcap” of a ligand at the substrate site at

micropipettes obtained from Kensing- low substrate concentration, whether
ton Scientific Corporation. substrate or substrate analogue, brings
The rate of the LLDH S5—catalyzed about a molecular alteration leading
conversion of pyruvate and NADH to to exposure of new substrate sites and
latate and nicotinamide adenine di- to increased enzymc activity, As the
aucleotide (NAD) is increased by substrate concentration is increased,
wven citric acid cycle intermediates as  the analogucs compete for the more

1 well as by aspartic and glutamic acids  available substrate sites, and the result

which are directly converted to citric is decreased enzyme activity, My re-
acid cycle intermediates. The activa-  sultsthus suggested that the isozyme
tion is accompanied by a lowering of was capable of undergoing a conforma-
the apparent Michaclis constant (K,) tional change and that the activators
for pyruvate (Table 1). No signifi- of LDH 5 were binding at an effector
tant change was noted in maximum site. ' ) '

velocity of conversion (V) values. Figure 2 is a pyruvate saturation
“o other amino acids had any effect curve and reveals that the curve for
1+ the reaction. These- same com- LDH 5 alone. is slightly but defi-

T T T T T T T T T T ) T 7 T
L] -4
120}
| -
-
100
*
- -y
oot :
o
2 .
e i ]
“ . : 4 . *
<O N : ML ' ' "1
(SN . . .
1' -
1 N e o
N - . . .
agl . Lo S . . o
- N - . . - . .
~ r *
= ~ -4
A . -
n .
gk o
. .
LOHE ., 5 . .
a3 “ v - -
3 il 3 2 1 % s PR e Y L ' 1 "
+

o . 30 50 150

o 70 %0 - tla 130
goncen!rahon of ox&lucetale (10"* mole/liter)

"2, 1. Effect of oxalacetate on LDH activity, Assays were performed in a volumc

2 m! containing 2.24 x 10°A MADH Sn 0.05Af sodinm phosphate buffer, pH 7.4
" 37°C. For LDH § the pyruvate concentration was 6.7 > 107°Af, which was 19
Percent of the saturating concentration. For LDH | the pyruvate concentration was
2 % 10-*M, which was 35 pereent of the saturating concentration. Enzyme concen-
trations were, for L.IDH S, 20 X 10 "Af: for | l)li 1, 7 x 10°MAL Oaalacetute concen-
Irations were as indicated.
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. Table 1. Effect of LDH 5’ nctivutorﬁ on

apparent K,, for pyruvate. Initial reaction
velocities were determined in 2-ml reaction
mixtures containing 2.24 X 10-"Af NADI;
pyruvate  concentration  varied  between
I X 10°M and 5 X 10-Af; 1.5 X 10-°M
activator; 20 X 10-YAf LDH §; 0.05)M so-
dium phosphate buffer; pH 7.4 at 37°C. The
K, value were determined by the Line-
weaver-Burk method with a least-squares

program in an IBM 1620 computer to obtain

the slopes and intercepts.

Compound added 10 K,,
Aspartate 1.29
a~Ketoglutarate 211
Succinate 1.46
Glutamate 2.46
Fumarate 1.3§
cis-Aconitate 4.40
Malate ' 112
Isocitrate 3.3t
Citrate 1.20
None . 9.60

-
*

nitely sigmoid shaped, whereas the
curve in the presence of one of the
activators, in this case cis-aconitate, is

hyperbolic. The figure also shows that

the curve for LDH 1 is hyperbolic.

The other activators gave curves
similar to that shown for LDH 5 and
cis-aconitate, that is, their presence in
the assay mixture resulted in a change
in the curve from sigmoid to hyper-
bolic. These results further suggested
that LDH 5 was capable of under-
going an allosteric transition. Gerhart
and Pardee (5) found that they could
destroy the allosteric site for cytidine
triphosphate _on aspartate transcar-
bamylase, without affecting the catalyt-
ic activity, by heating the enzyme at
60°C for 4 minutes, Heuating 1.DH 5
for 3 minutes at 60°C completely de-
stroyed the catalytic activity, but heat-
ing at 40°C for 3 minutes resulted
in a desensitization of the cnzyme to-
ward the activators, while the catalytic
activity remained unchanged (Fig. 3).
Isozyme 1 is stable when heated at

'60°C for 3 minutes. The assays for the

data presented in Fig. 3 were carried
out at 28°C, where the -sigmoid shape
of the LDH 5 substrate saturation
curve is not as pronounced as it is
at 37°C, The enzyme LDH 5 becomes
desensitized toward the activators by.
standing in ice for 3 hours at a con-.
centration of 4 X 10—7M, while at
a  concentration of 5§ X 10—3Af
(7 mg/ml) the enzyme retains full
catalytic activity but is desensitized. in

about 2 wecks even in the cold room.

Thus. rabbit muscle ILDH 5 appears

to be an allosteric protein while rabbit

heart I.DH | most likely is not.
Kaplan and his group (/1) have
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- previously proposed that LDH 5 and ports this proposal. Isozyme 5 is by

.!./min}
F
T
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hange in optical density (10-% Q.0 240
o

LDH 1 have significantly diffcrent far the most prevalent isozyme in
functional roles. Their proposal was  skeletal muscle, It is a well-known fact
based on the fact that pyruvate con- that lactate accumulates in these mus-
centrations which are subsaturating for  cles during violent cxercise, when the
LDH 5 are drastically inhibiting for  oxygen supply becomes limiting. It is
LDH 1. The work here reported sup-  no doubt true that under these condi-
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Fig. 2. Effect of activators on LDH 5 kinetics. The reaction mixtures were contained
in 2 ml; 2.24 x 10-°Af NADH and 1.5 X H0™°M cis-aconitate where used (see Table
1 for other activators which gave similar results): pyruvate concentrations as indicated;
LDH 5,20 x 10"Af; LDH 1, 7 X 107M; 0.05M sodium phosphate buffer, pH 7.4.
Reactions were run at 37°C. .
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Conceniration ot Pyruvate (103 mOIe/?ner) .
fig. 3. Effect of heating on LDH 5 kinetics. The reaction mixtures were contained in
2 mh; 2.24 % 10°A NADH and 1% < 1073 citrate whPe used: pyruvate concen-
tration as indicated; 0.05)¢ soditm phosphate®buifer, PH 7.4; LDH §, 20 x 107"Af.
Reactions were run at 28°C. In the heated sang@les the enzyme at 42 % 10731 was
heated in a water bath at 40°C for 3 minutes, then dilwted for the assay in the
presence or absence of citrate. The assuy in the absence of citrate gave the same
curve as the unheated enzyme.
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whe o

tions the lactate accumulation may be
due in part to increased NADH levels,
but the activation of LDH 5 by the

citric acid cycle substrates js probably 3 §

contributing factor. On the other hand,
LDH 1 is the major molecular form

in cardiac muscle, which fact, in view -

of the present observations, is not un.
expected. A constant supply of encrgy

is required by the heart, and it is [ur- :

nished mainly by the adenosine tri. |
phosphate produced as a result of the

oxidation of citric acid cycle sub-!

do not feed back and limit their own
concentration by activating LDH s
they do in skeletal muscle, [

Another metabolic consequence of |
the LDH 5 behavior here reported !
would be a marked advantage of
anaerobic glycolysis over aerobic respi-

ration, since any activation of LDHV provok
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would result in less pyruvate being
available for conversion to acetylco- |
enzyme A and more NAD being avail-
able to spark glycolysis through the
reaction catalyzed by triose phosphate |
'dehydrogenuse. Thus, when the citric
acid cycle substrates act to reduce the
concentration of a substance which is
one of their precursors, they are in
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Gluconeogenesis in the Kidney Cortex
FLOW OF MALATE BETWEEN COMPARTMENTS

By R. ROGNSTAD

(Received 8 August 1969)

1. Kidnoy-cortex slices from starved rats wero incubated with L-[U-*4Cllactate
or L-[U.-*Chnalate plus unlabelled acetate and the specifie radioactivity of the
glucose formed was determined. In parallel experiments the specific radioactivity
of the glucose formed fromn [1-1*Clacctate plus unlabelled L-lactate and r-malate
was determined. 2. By analytical methods the major products formed from tho
substrates were measurcd. The glucose formed was purified by paper chromato-
graphy for determination of specific radioactivity. 3. The specific radioactivity
of the glucose formed from r-[U-!4Cjlactate agrees with predictions of a model
based .on interaction of the gluconcogenic and the oxidative pathways. 4. The
specific radioactivity of the glucose formed from r-[U-'*Clmalate agrees with the
prodicted value if rapid malate exchange between the eytosol and mitochondria is
assumed. 5. The rate of malate exchange between compartments was estiiated
to be rapid and at least several times tho rate of glucose formation. 6. The specific
radioactivity of the glucose formed from [1-4Clacetato plus unlabelled L-lactate
or L-malate agrees with the predictions from the model, again assuming rapid
malate exchango between compartments. 7. Malate exchange between compart-
ments together with reversiblo malate dehydrogenase activity in the mitochondria
and cytosol also tends to equilibrate isotopically the NADII poel in these com-
partinents. *H from compounds such as x-[2-3H]lactate, which form NAD?H in the
eytosol, appears in part in water; and 3H from pr-f-hydroxy[3-3H]butyrate,
which forms NAD?I{ in the mitochondria, appears in part in glucose, largely on C-4.

"4 oa
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~-Sinat Mcdical Center, Los Angeles, Calif. 90029, U.S. 4.

In gluconcogenesis from pyruvate, it has been
proposed that malate flows out of the mitochondria
to provide the required cytoplasmic reducing
equivalents (Lardy, Pactkau & Walter, 1963;
Krebs, Gascoyno & Notton, 1967). The preceding
paper also supports this hypothesis (Rognstad &
Katz, 1970). LExpcriments by Haslam & Krebs
(1968) with isolated mitochondria have suggested
inflow of malate to require encrgy. 'To investigate
the problom of malate flow between the mito-
chondria and the cytosol in the intact ccll, we
determined the specific radioactivity of the glucose
formed when kidney-cortex slices were incubated
with ©§-[U-"Clmalate plus unlabelled acctato.
From the dilution in speeific radioactivity of the
glucose formed compared with that of the substrate,
we have concluded that malate exchange between
compartments is rapid, at least under conditions
that permit active gluconeogencesis.

EXTERIMENTAL

All enzymes werse obtained from either Calbiochem,
Los Angeles, Calif,, U.S.A., or Sigma Chemical Co.,
8t Louis, Mo., U.8.A. 1-[U-'*C]Lactate, [1-"*Clacctato

and [*H]NaBH, were from New England Nuclear Corp.,
Boston, Mass,, US.A. L-[U-'*C]Malate and [2-'C]
pyruvate were from Amersham/Searle, Des Plaines, 1li.,
U.S.A. L-{2.!%C]Lactate was prepared by reduction of
[2-1C]pyruvate with NADH in the presence of lactate
dehydrogenase. pL-[2-*H]Malate, pr-[2-3HJlactate and
pL-B-hydroxy[3-*H]butyrate were prepared by reduction
with [FH]NaBH, of, respectively, oxaloacetate, pyruvate
and acetoacetate (Lowenstein, 1963). L-[2- H]Lactate was
synthesized as follows: pr-{2-31[Jmalate (3umol), NAD*
(15pumol), acetyl phosphate (10umol), CoA (1umol),
tricthanolamine-HCl buffer, pH8.0 (300pmol), malato
dehydrogenase (5 units), phosphotransacetylase (3 units;
EC 2.3.1.8) and citrate synthase (3 units) in a final volume
of 3ml were incubated in a euvette and NAD3 formation
was followed at 340nm. Pyruvate (20mo0l) and lactate
dehydrogenase (10 units) were then added and L-[2-3H]-
lactate formation was followed by the decrease in Xy .
The reaction mixture was put on a column (lem x 11 em)
of Dowex1 (X8; 100-200 mesh acetate form) (Calbiochem).
L-[2-3H]Lactate was cluted with 1 M-formic acid, evapora-
ted to dryness and further purified by paper chromato-
graphy with ethanol-aq. NH; (sp.gr. 0.88)-water (16:1:3,
by vol). r-[2-H]Malite was synthesized as follows:
pe-[2-3H}luctato (2pumol), NAD* (10 mol), L-glutamate
(50 emol), plycine-NaOI[ Dbuffer, plI0.5 (200umol),
lactate dehydrogenase (20 units) and glutumate-pyruvato
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transaminase (8 units) were incubated in a 3ml volume
and NAD?*H formation was followed at 340nm. Oxalo-
acetate (10,mol) and malate dehydrogenase wero then
added. The r-[2-*H])malate formed was purificd by a
procedure similar to that used for i-[2-2H]lactate.

Kidney-cortex slices were obtained from starved rats
except where noted. The incubation procedure is given
in the preceding paper (Rognstad & Katz, 1970). The
incubation mcedium was that of Krebs, Hems & Gascoyne
(1963), which contained no bicarbonate. At theend of the
incubation, CO, was collected by injecting 0.3ml of
4M-NaOH (CO,-free) into a hanging plastic well and
acidifying the medium. After at least 23 h the well was
removed and the contents were added to 4.7 ml of CO,-free
water. A samplo of this was taken for manometric CO,
determination in a Warburg apparatus. The amount of
glucose initially present in the slices was found never to
exceed 0.1 umol. Tho initial v-lnctate content also was
less than 0.1 pmol. Control flusks were also run containing
buffer and tissue that were acidified at zero time and a
‘CO, blank’ was determined. This value never exceeded
1pmol, and the blank value was subtracted to give the
CO, valuesin Table 1.

A sample (8ml) of the acidifiecd medium (total vol.
10ml) was put through a column (lem x 10em) of Dowex
50 (X8;50-100 mesh; H* formm)and a column (1 em x11 em)
of Dowex 1 (X8; 100-200 mesh; acetate form), arranged
in tandem, both of which were washed with water until
25ml of effiuent was collected. This was evaporated to
dryness and chromatographed on Whatman 3MM paper
with butan-l-ol-acetic acid-water (4:1:2, by wvol.).
Glucose spots were located with X-ray film. The specific
radioactivity of the purified glucose was measured, with
glucose determination by the method of Slein (1965). Al
radioactivity counting was done with a Packard model
3375 liquid-scintillation counter.

Yiclds of 3H in water were determined either by
freeze-drying of the neutralized medium or, when yields
were high, by the difference in *H radioactivity between
identical samples of the neulralized medium with or
without prior evaporation.

The docation of 3H in glucose was determined by an
enzymic procedure. It is assumed that, as found by
Hoberman & D’Adamo (1960), all *H was on either C-4
or C-6. Glucoso was converted into 3-phosphoglycerate
with purified glycolytic enzymes and the required
cofactors in the presence of arsenate plus excess of acetal.
dchyde and aleohol dehydrogenase to oxidize the NADIH
formed (Schmidt, Genoveso & Katz, 1970). The amount
of NAD* added was less than 59, of the original glucose.
Unlabelled glucose was later added to ensure turnover of
the NADH. The radioactivity of samples of the medium
was counted with and without prior evaporation. The
difference in 3H radioactivity measured gives the 3H
originally located on C-4 of glucose. Trials were run with
authentic [4-*H]glucose and [6-*1[]glucose to delermine
the validity of the proccdure.

RESULTS AND DISCUSSION

When kidney-cortex slices from starved rats are
incubated without any added substrate, a small
amount of glucoso is formed from endogenous
substrates, generally less than 0.5umol/2h per
125mg wet wt. However, a considerable amount
of carbon dioxide is formed, corresponding to the
oxidation of nearly 10umol of acetyl-Cos/2h per
125mg. The main source of the acetyl-CoA is
presumably lipid. If acotate is added, no additional
glucose is formed, but there is usually some increase
in carbon dioxide production. Acetate was used in
nearly all the oxperiments described to maintain a
relatively constant flow of acetyl-CoA to the
tricarboxylic acid eyele, rather than depending on
endogenous sources, which may vary between
experiments. Addition of acetate also tends to
diminish oxidation of pyruvate to acetyl-CoA. This
is desirable because measurement of this flow is only
approximate. )

When lactate and acetate are used as substrates

Table 1. Metabolism of L-lactate and L-malate by kidney-cortex slices

Kidney-cortex slices from starved rats were incubated for 2h at 37°C with substrates as shown plus 20 umol

of acetate. Glucose formation without substrate was 0.44.0.1umol/2h per 125mg wet wt. and has been

-subtracted to give the values in the table. Substrate oxidation is calculated from the amount of substrate

uscd minus that converted into glucose, lactate and pyruvate. Results are expressed as pmoles/2h per 125 mg
wet wi. n.d., Not determined.

Substrate
Amount converted
Expt. added  Substrate into Lactate Pyruvate Total CO, Substrato
p no.  Substrate  (jumol) uscd glucoso  formed formed produced oxidized
2 wL-Lactate 16 8.7 7.6 — 0.5 37.0 0.6
L-Malate 16 14.5 11.2 0.8 n.d. 50.4 2.6
3 r-Lactate 16 8.0 6.6 -— 06 30.9 18
L-Malate 16 13.6 11.6 0.8 nd. 52.3 1.1
4 vr-Lactate 8 7.2 6.6 — 0.1 36.3 0.6
L-Malate 8 7.0 6.9 0.4 nd. 40.5 0
i 6 r-Lactate 16 8.7 5.7 — 0.6 37.9 2.4
L-Malate 16 11.1 8.5 0.6 0.1 43.7 . L9
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most of the lactate consumed is converted into
glucose, and only a small amount is oxidized to
acetyl-CoA (Table 1). The flow of acetyl-CoA is
estimated from tho amount of lactate that dis-
appears minus that converted into glucose and
pyruvate. This negleets formation of other minor
products. An independent method (R. Rognstad
& J. Katz, unpublished work) using the pattern of
140 Jabelling in C-1 and C-5 of glutamate isolated
from experiments with -[U-*Cllactato or L-[2-14C]-
lactate has shown agreement with the method
based on analysis.

If L-[U-1*Cllactate is used as substrate, the molar
specific radioactivity of the glucose formed via a
pathway that involved synthesis from two L-
[U-24C]lactate molecules without dilution of specific
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radioactivity naturally would bo twice that of the
original lactato. Such a pathway, e.g. via reversal
of pyruvate kinase, is no longet considered of any
physiological significance. As shown in Tablo 2,
the molar specific radioactivity of the glucose
formed in tho experiment is even less than that of
the lactate. The most likely reason for this dilution
in specific radioactivity is found in the ‘crossing-
over’ phenomenon (discussed by XKrebs, Hems,
Weidomann & Speake, 1966) in which labelled
carbon from the gluconcogenic pathway mixes with
unlabelled carbon of the oxidative pathway
(tricarboxylic acid cycle) because mitochondrial
oxaloacetato is an intcrmediate common to both
pathways.

Schemo 1 shows a model of the metabolism of

i
(:Hs_(l).(ljo,}[ e (;:Hu-gH(UH)—(;O-_xH

CO;

Glucose "

C-CO:H
™2 )
Ha-CO2H
mz my

Vr+¥n

HC-COH
16+mn)21 || (b+0)2]
HC-CO:H
[o+a)2) [(b+n)2]

Vi+Vx

CO;

Vs L-{U-1C]Lactate
CO2
1
Q Va Endogenous
or
91{3—9—8_00"1 [1-14CJacetute
CH3-CO:H
o 1
Vr
CH-CO:H
a a
HO-C-CO:H
" ny
CH»-CO:H
mr  my
Vz
CO2
"
CH;-CO:H
(‘);I b Va Endogenous
ke glutamate
0=(,J‘—COzH

Schome 1. Metabolism of L-{U-"*C]lactate and unlabelled acetate in the kidney cortex. The small letters or

numbers under each carbon atom represent molar spe

cific radioactivities of these atoms. The rates, V, are

molarrates. Vg isthe rate of gluconcogenesis from added substrate; ¥y is the rate of pyravate dehydrogenase;
¥V is the rate of the tricarboxylic acid eycle; ¥, is the rate of formation of ncetyl-CoA from added acetato
and from endogenous sources; Vy is the rate of gluconcogenesis from endogenous glutamate. M, represents
the specific radioactivity of the carboxyl carbon of the dicarboxylic acids, oxaloacetate, malate and fumarate,
which are assumed to be in isotopic cquilibrium, =, represents the specific radioactivity of the interior carbon

atoms of these dicarboxylic acids.

The tower dicarboxy

lic acid is used to show the specific radioactivity of the

inflowing carbon from the forward tricarboxylic acid cycle. When L-[U-'*Cllactate is the substrate, the specific
radioactivity of each carbon atom of lactate is sct equal to 1. When [1-!4Clucctate is the substrate, the specific

radioactivity of C-1 issct cqual to 1.
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Table 2. Dilution in specific radioactivity of glucose formed from 1-[U-14Cllactate or L-[U-1“Clmalate

For experimental conditions, see Table 1. Vy is the rato of the tricarboxylic acid cycle; ¥y is the rate of the pyruvate dehydrogenase reaction; Vy is the
rate of formation of glucose from endogenous substrates; Vi is the rate of exchange of malate between mitochondria and cytosol. All of these are expressed
relative to the rate of conversion of glucose, Vg, set equal to 1.0. ¥y is estimated from the amount of substrate oxidized (Table 1), Vyis estimated from
the amount of CO, formed in the experiment, measured manometrically, minus that formed in the pyruvate dehydrogenase reaction (V) and also, when

" malate is substrate, minus that produced from C-4 of malate utilized. R.,;_ is the dilution in specific radioactivity of the glucose formed and is defined by:
R,y = (sp. radioactivity of glucose)/2(sp. radioactivity of C-1, C-2 and C-3 of substrate). When L-[U-"*Cllactate is the substrate, Rypeqre., is calculated by:

by using the experimental value of R. The equations are derived in the Appendix.

Expt.
no.

1

.

Substrate

1-[U.14C]JLactate
L-[U.}4C]Malate

L-{U.14C]Lactate

L-[U-14C]Malate
L-{U-14C]Lactate
L-[U-"*C]Malate
L-[U-1*C]Lactate
L-{U-“C]Malate
L-[U.C]Lactate
L-[U-*C]Malate
L-[U.14C]Lactate
L-[U.14C]Malate

R

Ve

Amount

added Acetate
(pmol)  (pmol)

8 0

8 0

16 20

16 20

16 20

16 20

8 20

8 20

8 10

8 10

16 20

16 20

2V + Ve) (2Ve+5V 14V +(Va+ Pa) 2Vg+ Ve +2Vy)

32Vt Vi 2Vr) (Vo t2Vat2Va)
When 1-[U-"“Clmalate is the substrate, Ry is calculated by:

BEEACTS
T 2Vg+ Ve+ Ve+2Py

This equation assumes complete equilibration of intra- and extra-mitochondrial malate (Vg = o), Vgis calculated from:

- (Vr+2Vn) (Vo+ Va)— R(V+ V+ V) (Vr+2Vy)= V¥Vl

... (Ad).

R(2Vg+ Vg+2Vyn+ Vi)—2(Vg+ Vp)

Sp. radioactivity Sp. radioactivity Sp. radioactivity

of substrate
(c.p-m./pmol)

152000

99500

91700

49400
152000
101000
121000
109000

133000
120000

280000
351000

of glucose
(c.p.m./pmol)
149000
89200
80700
48000
153000
92700
104000
79800
110000
84800

252000
329000

of CO;
({c.p-m.[umol)

0.49
0.60
0.44
0.656
0.50
0.61

0.43
0.49

0.4L
0.47

0.45
0.62

exp.

... (A1)

.- (A3),

Ve

2.20
1.50
2.08
1.53
2.40
2.11

2.73
1.60

Vs

0.07
0.21

0.24
0.09

0.07

0.37
0.21

Vn

0.12
0.08

0.12
0.07

0.12
0.12

0.15
0.10

R theoret.

0.44
0.63
0.49
0.58

0.42
0.46

0.45
0.60

A

my
(c.p.m./umol)
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1-{U-14C]lactate and unlabelled acetate in the
kidnoy-cortex. Tho rates (V values) can all be

estimated from the analytical results. There ave & -

number of approximations involved in tho model.
The specific radioactivity of the carbon -dioxide
fixed in tho pyruvate carboxylase reaction is seb
equal to tho speeific radioactivity of the carbon
dioxide produced in the tricarboxylic acid cycle.
This is strictly true only if Vg, the rate of the
pyruvate dehiydrogenase reaction, is zero. Mito-
chondrial oxaloacetate, malate and fumarate are
assumed to bo in complete isotopic equilibrium.
This is 8 good spproximation, as shown by Walter,
Pactkau & Lardy (1966). Recycling of phospho-
enolpyruvate to pyruvate is neglected. In section
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A of the Appendix is calculated, on the basis of
the model, the expected dilution in specific radio-
activity (denoted by R) of tho glucose formed. Ris
defined as the ratio of the specific radioactivity of
the glucose formed to twice the specific radioactivity
of C-1, C-2 and C-3 of the substrate. Table 2 shows
thie comparison of the experimental values of B
and the values of R caleulated on the basis of
Scheme 1. The agrecment between experimental
and theoretical values is good. In view of the
approximations uscd, Schemo 1 does not neeessarily
represent the cowmplete physiological situation, but
it probably includes the major metabolic pathways
involved, Thus the major cause of tho dilution in
specific radioactivity indeed appears to be tho

i Glucose
- ]Vn +¥Vx
(ll—POaHz [
Vs
glh—g—gozﬂ > gHrg-(;ZOzH
* ! Vs goz
i
Yo+ Va+Vw o
I v.x .Endogenousor
Q‘Hs—C-a 8-CoA <«—— [l-14CJacctate
; CH3-CO,;H
\ 0 1
3 CH(OH)-CO:H Ve CH(OH)}»CO.H
3 xz z [ e o m ””
3 gHz-'gOzH Vet Tn '('}‘Hz—g()z}{ (ﬂ{z.gozl{
HO-C-CO:H
Yo+ Vs éﬂl m
2 v+ Px CHa-LO-H
. Ve
‘ : CH(OH)-CO:H
- ! ! HC-CO:H CO2
-= CHz-CO.H [®+m)/ 21| [+ m)2] m
HC-CO:H '
L-[U.14C]Malate ] CH:-COH
. [(B+n)2) (01 n)2] 6o ¥~  Endogenous
.8 ng ' < glutomate
- =
- E Vr+Vx 0=C-COH -
- = n a2
D
= E_I)J COs
- Scheme 2. Metabolisin of L-[U-!*Clmalate and unlubelled acctate in the kidney cortex. =z represents tho
- specific radioactivity of each earbon atom of extramitochondrial malate, and m represents the specific radio-
activity of cach carbon ntom of intramitochondrial malate. Vg represents the rate of exchange flow of malato
between these compartments, When [1-1Clacetate is the substrate, ¥ is set equal to infinity, and z = .
'
pro A L
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interaction of the gluconeogenic pathway and the
tricarboxylic acid cycle.

One of the assumptions used in the model is that
the specific radioactivity of the carbon dioxide
fixed in the pyruvate carboxylase reaction was tho
same as that of tho carboxyl carbon atoms of tho
dicarboxylic acids, or C-3 and C-4 of glucose. Tablo
2 shows that the values of m,; (representing C-3 and
C-4 of glucose), calculated from tho equations of the
Appendix and the experimental spocific radio-
activity of glucose, are quite close to the specific
radioactivitics of the carbon dioxide formed. Use
of this assumption hence causcs little error.

In gluconeogencsis from malato plus acetate, it is
again found that most of the malato that disappears
is converted into glucose, with a small amount being
oxidized to carbon dioxido via acetyl-CoA (Table 1).
Since the conversion of malate into glucose involves
strictly a cytoplasmic pathway, it might be expected
that the molar specific radioactivity of the glucose
formed would be twice that of C-1, C-2 and C-3 of
L-{U-'C]malate, i.e. values for I of 1.0 might be
expected. Actually the dilution in specific radio-
activity approaches that found when r-[U-MC]-
lactate is converted into glucose (Table 2). The
simplest explanation for the dilution in specific
radioactivity would seem to be that of an exchange
flow of malate between the cytosol and the mito-
chondria, in this way again producing a mixing of
labelled carbon atoms from the gluconeogenic
pathway with unlabelled carbon atoms from the
tricarboxylic acid cycle.

Schemeo 2 shows the model of tho metabolism of
L-[U-1“Clmalate and unlabelled acctate by the
kidney cortex. Scparate pools of extramitochon-
drial and intramitochondrial malate are assumed,
with the rate of exchange flow of malate between
these pools denoted by Vge. In section B of the
Appendix is calculated the expected dilution in
glucose specifie radioactivity (12 ,corer.) for L-[U-24C]-
malate as substrate, when Vg is assumed to bo
infinito (cqn. A4) or when intermediate values of
Vi are assumed (cqn. A2). Tt is seen (Table 2) that
tho values of Iy.or¢, calculated on the basis of a
‘singlec malate pool (i.e. Vg =ow) aro close to the
experimental values of the dilution (R, ). If the
experimental values of B aro uscd to calculate Vi,
from cqn. (A3), rates of 5-10 times the rate of
glucose formation are found. 1%ig. 1 shows a plot of
Ve versus R, caleulated fromn eqn. (A2), for an
example with typical values of Vi (rate of tri-
carboxylic acid cycle), Vy (rate of pyruvate
dehydrogenase) and Vg (rate of gluconcogenesis
from added substrate). At high rates of exchango
the curve is rather flat and accurate determination
of Vy is difficult in this region. As Vy approaches
Vg, It bocomes very sensitivo to the rate of exchango.
The values of Vg calculated in Tublo 2 can only be

R. ROGNSTAD
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Fig. 1. Effect of the rate of malate exchange between
mitochondria and cytosol on the dilution of the spceific
radioactivity of glucose formed from r-[U-*C]malate.
An example with typical values of the experimental rates
is considered: Vg =1; Vy=1.5; Vy=0.1. Vy is set
equal to 0. Various values of Vg are assumed, and R is
calculated for cach of these values according to eqn. (A3).
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N Teged “#t-[U-4c]malate
Phenol-water-»

Fig. 2. Radioautograph of desalted medium from the
incubation of L-{U."*CJmalate and unlabelled acetate with
kidney-cortex slices. The numbers denote the following
compounds: 1, malate; 2, glucose; 3, citrate plusisocitrate;
4, glutamate; 5§, lactate; 6, succinate; 7, fumarate; 8,
o-oxoglutarate (1); 9, unknown; 10, alanine; 11, aspartate.
The method is that of Katz & Chaikoff (1954).

considered approximate, since these are in tho
region whero R is insensitive to V. Howover, it
should be safo to say that tho exchange rato is rapid

TRTRY
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’ N and at least several times the rate of glucose- dilution of the lactate pool due to recycling of
synthesis. ‘ phosphoenolpyruvate to pyruvate.
In addition to the approximations uscd in setting A cdrollary of the exchange is illustrated by the
up the models there are other considerations that results of Tablo 3. Here, labelled [1-'*Clacetate and
: also make an exact determination of the exchange unlabelled L-lactate or r-malate wero incubated
rate difficult. When the medium from an incubation with kidney-cortex slices and the specifie radio-
with 1-[U-1Clinalate is electrolytically desalted activity of the glucose was again determined. In
' and subjected to two-dimensiohal chromatography  this case, labelled carbon from the oxidative path-
t and tho radicautographs are examined, there 13 way mixes with unlabelled carbon from the gluco-
‘ radioactivity in several other compounds besides ncogenic pathway either by exchange in the case of |
! glucose and the substrate (Fig. 2). Succinate, malateorprobablybyaconvergenceofthetwo path-
: glutamate, citrate and other intermediates become  ways in the case of lactate. Again the specific
— l labelled. This may mean that exchange of label also  radioactivity of tho glucose formed agrees reason-
' occurred with the pre-existing pools of these ably well with predictions based on the model
JUGNE SR
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various intermediates, in addition to the exchange
with the large inflow of acetyl-CoA from endogenous
sources. However, the amount of radioactivity
in theso compounds is less than one-tenth that in
carbon dioxide and glucose, and neglect of this
exchange should not cause a large error in the
calculated exchange rate. Another fuctor to be
considered is that a small proportion of cells other
than cortex cells may be present, e.g. medulla cells,
which oxidize acetate but form no glucose. This
would mean that the dilution by unlabelled acetyl-
CoA in the kidney-cortex is overestimated by the
manometric carbon dioxide results. The {wo
possibilities discussed in this paragraph would give
opposite effects. Neglect of exchange with pre-
existing pools of intermediates means that Vg is
overestimated, whereas neglect of oxidation of

" acetate by non-cortex cells causes ¥y to be under-

estimated.

In two experiments the specific radioactivity of
the residual malate after incubation with L-[U-4C]-
malate was determined and found to be unchanged
from the original. Howevor, the specific radioactiv-
ity of tho residual lactate from an incubation with
L-[U-Cllactate was about 109, less than that of
the original substrate. This may rcflect some

shown in Scheme 1 and described in Scetion C of
the Appendix, assuming only & singlo malate pool.

The consequences of malate exchange between .

compartments includo effects on the specific
radioactivity of the NADYH produced from tritiated
substrates that form NAD3H in either the eytosol or

. the mitochondria. Hoberman & D’Adamo (1960)

were the first to use L[2-?H]- and 1.-[2-3H] lactate
as tracers for reductive hydrogen in gluconeogenesis.
In gluconeogenesis from L-[2-*H]lactate, the molar
3H specific radioactivity of the glucose formed, in
tho absence of isotopo discriminatlion or exchange
reactions with water, should be about 1.0. The
NAD*H formed in the lactate dehydrogenase
reaction reduces 1,3-diphosphoglycerate to [1-3H]-
glyceraldehyde phosphate, whicli isomerizes to
dihydroxy[1-3H]acetone phosphate. When tho
trioso phosphates react via aldolase, the *H on
dihydroxyacetone phosphate is lost to water (Rose
& Rieder, 1953), and only one *H atom (from
[1-3H]glyceraldehydo phosphate) is incorporated
into glucose, on C-4. However, if malate moves
rapidly into and out of the mitochondria, and if
the malate dehydrogenases in the cytosol and
mitochondria both operate reversibly, isotopic
mixing of the cytoplasmic and mitochondrial NADH

Table 3. Molar specific radicactivity of glucose formed from [1-1*Clacetate plus unlabelled L-lactate or
r-malate

For experimental conditions, see Table 1. The incubation medium contained 16 umol of unlabelled substrate
plus 20mol of [1-'*Clacetate. @, is the ratio of the specific radioactivity of the glucose formed to that
of tho substrate [1-!'“Clacetate; ¥V, is the rate of acetate oxidation; ¥y is the rate of the tricarboxyiic acid
cycle. Vg, is the rate of glucose formation, is set equal to 1. Gipeorer. i caleulated from: @ =2V, (Vg + 2V +
2Vy) (eqn. A5) when lactate is the substrate, and from ¢ = V,/(Vg+ V4 V) (cqn. A6) when lactate is the

substrate,
Sp. Sp.
radioactivity  radioactivity
Expt. Unlabelled of acetate of glucoso
no. substrate  (c.p.m./umol) (c.pm.fumol) Gup. Ve Vi Vu o Gieorer.
3  r-Lactate 670000 353000 0.53 208 1.30 0.12 0.52
L-Malato 670000 246000 0.37 1.63 098 007 038
6 L-Lactate 1600000 770000 048 2.73 1.64 015 049
L-Malate 1660000 630000 038 1.60 112 010 041
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pools will occur. This will cause production of 31
in water from vL-[2-°H]lactate or L-[2-’H]inalate
and further dilution of the specific radioactivity of
the glucose forimed. Althoughsuch effects do appear
(Table 4), it is impossible to know how much is due
to malate exchange or how much to alternative
exchange mechanisms (e.g. aldolase, triose phos-
phatoisomerase exchange; Katz & Rognstad, 1966).
If the rates of both malate dehydrogenase reactions
and of malate exchange flow wero infinite, complete
isotopic cquilibration of eytoplasmic and mito-
chondrial NAD3H pools would oceur. When lactate
is the substrate, the rate of mitochondrial NADH
turnover is roughly seven times the rate of eyto-
plasmic NADH turnover, since the rate of the
tricarboxylic acid cycle is about 2} times the rate of
glucose formation and three NADH molecules are
formed in each turn of the tricarboxylic acid cycle.
Complete isotopic equilibration of these pools would
result in a sevenfold dilution in the specific radio-
activity of the glucose formed from r-[2-3Hlactate.
Sinco about & threcfold dilution is found, complete
isotopic mixing does not occur. One reason for this
may be that, although the malate dchydrogenase
exchange reactions arc active, they are not infinite.

Table 4. Gluconeogenesis from L-[2-*H)lactate and
, L-[2-*H}malate

"For experimental conditions, see Table 1. The specific
radioactivity of substrate was set equal to 1.0.

Yield of *H
in water 3H sp.
Expt, (% of injec- radioactivity
no. Substrate ted dose) of glucose

I r-[2-H]Lactate 80 0.28
L-[2-3H]Malate 86 0.39
4 r-[2-3H])lactate 68 0.32

L-[2-H]Malate 58 0.31 -

“* R, ROGNSTAD
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Again, a corollary of this exchange should bo
appearance of 3H in glucose from substrates thas
produce NAD3H in the mitochondria. Thus, when
pL-8-hydroxy[3-*H]butyrate is used as substrato
together with lactate or pyruvate, a small amount
of 3H is found in the glucose formed (Table 5).
p-f-Hydroxy[3-*H]butyrate forms NAD*H by an
enzyme that is thought to bo located exclusively in
mitochondria (Lehninger, Sudduth & Wise, 1960),
whercasL-8-hydroxy[3-*H]butyryl-CoA would form
NADYH via the mitochondrial enzymes that oxidize
fatty acids. It is noteworthy that most of the °H
from pL-B-hydroxy(3-*H]butyrato found in glucose
is on C-4 when either lactate or pyruvate is the
substrate. This again would be consistent with
rapid malate exchange masking any isotopic
differenco in the net pathways from lactate and
pyruvate. However, the interprctation of the
results with pr-8-hydroxy[3-*H]bulyrate must he
considered as very tentative. Other pathways may
opecrate that result in an exchange of reductive
hydrogen atoms between the mitochondria and the
cytosol, or perhaps some cytoplasmic enzymo
reacts with the - or L-isomer.

Haslam & Krebs (1968) have found that ATP
and other high-cnergy compounds stimulated the
entry of malate into isolated liver mitochondria.
Our results in the present paper suggest rapid flow
of malate through the mitochondrial membrane.
Since a high ATP concentration is required for
active gluconcogencsis, our results with intact cells
do not conflict with their studies on isolated
mitochondria. Preliminary experiments with low
concentrations of dinitrophenol, which depress but
do not abolish gluconcogenesis, indicate no apparent
decreasein therate of intercompartmental exchange.

If one accepts the hypothesis (Lardy et al. 1965;
Krebs et al. 1967) that glucose formation from
either pyruvate or L-lactate involves the mito-

Tablo 5. T'ritium incorporation into glucose from pL-B-hydroay{3-3Hbutyrate

For experimental conditions, see Table 1. About 1x108c.p.m. of '*C and 30 x 106 c.p.m. of *H were used
in each incubation. The 2H/'*C ratio of the substrate mixture was set equal to 1.0,

Distribution of *H

Yicld of 3H in in glucose (94
Expt. water (95 of  3I/'*C ratio —~—m0——
no. Substrates (umol added) injected dose)  of glucose C-4 C-6
8 L[2-"C)Lactate (20) + n.d. 0.030 72 28
pr-f-Hydroxy(3-*H]butyrate (20) :
[2-14C]Pyruvate (20) + nd. 0.024 72 25
DL-8-hydroxy[3-3H]butyrate (20)
2  L-[U-"C]Lactate (20) + 28 0.060
pL-B-hydroxy[3-*H|butyrate (20)
[U-1C)Pyruvate (20) + 29 0.047
pL-B-hydroxy[3-*Hlbutyrate (20)
L-{U-*C]Malate (20) + 31 0.041

pL-8-hydroxy[3-* H]lbutyrate (20)
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chondrial pyruvate carboxylase reaction, it scems
likely that malate should flow out of tho mitochon-
dria when pyruvato is tho substrate, wherecas
oxaloacetate, or a compound on this oxidation lovel,
ghould be transferred when lactate is the substrate.

From the differenco in the NAD*/NADH con-
centration ratios in the cytosol and mitechondria
of liver, Krebs (1967) has shown that equilibration
of both malate and oxaloacetatc between the
eytosol and the mitochondria (or at least the mito-
chondrial space containing malate dehydrogenase)
does not oceur. Our results showing rapid malate
exchango suggest that no control mechanism on
malate outflow operates and that malate equilibra-
tion between compartments is rapidly established.

This work was supported by U.S. Public Health Service
Grant no. AM-12604-01 and General Research Support
Grant no, FR-05468-06. The author thanks Dr Joseph
Katz for advice and for support of this work.
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¢ APPENDIX

(A) Specific radioactivity of glucose formed from
1-[U-4C]lactate

All models assume metabolic and isotopic steady
state. (In some experiments there is o considerable
decrease in tho rate of gluconeogenesis as the
substrate becomes depleted. The approach used is
still valid, but in these cases the rates must be
interpreted as average flow of carbon during the
incubation period.) Scheme 1 in the main paper
shows the model used to represent the metabolism
of L-[U-"Cllactate by the kidney cortex. Some
simplifying approximations have been used: (1)
Mitochondrial oxaloacetato, malate and fumarate
are assumed to be in complete isotopic equilibrium.
(2) Tho carbon dioxide fixed in the pyruvate
carboxylase reaction is assumed to have the same
specific radioactivity as the carboxyl carbon of the
mitochondrial dicarboxylic acids; this is a good
approximation if Vg is small. (3) Recyeling of
phosphoenolpyruvate back to pyruvate is neglected.
(4) The small amount of glucose formed from
endogenous sources, Vy, is arbitrarily assumed to
be from endogenous glutamate; this is a small
inflow (about 6%, of ¥'1).

The specific radioactivity of cach carbon atom of
L-[U-1Cllactate is set equal to 1. Equations aro
written below that sct inflow of radioactivity into
any carbon atom equal to outflow of radioactivity

from that carbon atom, asswming an isotopie
steady state.
Acetyl-CoA:
Ve (1) =aVy
C-4 and C-5 of a-oxoglutarate:
Via=b(V+Vn)
C-2 and C-3 of a-ozoglutarate:
. V-rmz =nl(V1‘+ VN)
C-1 and C-4 of dicarboxylic acids:

1
Vol +2m‘)+<VT+VN>(”;’")

=m(Va+Vr+Vn)
C-2 and C-3 of dicarboxylic acids

b
Vo +(Vr+ V) ( -;—n

Solving these equations yields:
- VetVs
2Vg+ Ve+2Vy
and Vg+ Va+ Vym,
ml T e e
Tho molar speeific radioactivity of the glucose

formed will be 4m, -+2m,. Dividing this by 6 gives
the ratio () of the expected molar glucose specific

) = M)(Irc + VT+ I’N)

m,
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activity to that of glucose formed from two C;
molecules of undiluted specific radioactivity:

R = (4my+2m}f6 = (2my +m()f3.

From tho values of mi, and m, above:

R. ROGNSTAD
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substrate [however, in this case the specific radio-
activities (mn,) of the interior carbon atoms of the
dicarboxylic acids and that of C-2 of acetyl-CoA
will be zero]. The same approximations as in the
previous sections are used. The molar specific

R

{B) Specific radioactivity of glucose formed from
L-[U-1¥Clmalate
The model used is shown in Scheme 2. The
specific radionctivity of each carbon atom of
extramitochondrial malate is denoted by 2, and of
that of intramitochondrial malate by m. The molar
specific radioactivity of the glucose formed will be
6x. Tho predicted dilution in specific radioactivity,
R, will be 6z/6 or z. Tho specific radioactivity of
each carbon atom of r.[U-*C]malate is set equal
to 1. Asabove, inflow of radioactivity is equated to
outflow, in tho isotopic steady state.
Acetyl-CoA:
Vyz =aVy
C-4 and C-5 of «-oxoglutarate:
aVy=b(Vy+Vy)
C-2 and C-3 of a-oxoglutarato:
mVye=n(Vy+Vy)
Intramitochondrial malate:

b+n
2

Extramitochondrial malate:
(Vo+ V) + (Ve+Vm=2(Ve+Vp+ Ve+Vy)
Solving these equations yiclds:

Ver + (Ve + VN)( )=='m(V1-+ Ve+ V)

z=R

_(2V0+Vm(2V;+5VT+4VM+4VG+VM<2VG+VT+2Vm
- 32V G+ Va+2Vy) (Vo +2VH2VFy)

(A1)

radioactivity, @, of glucose formed will be 2m,.
This is also the ratio of the glucose specific radio-
activity to that of (1-'*Clacetate, since tho latter
is set equal to 1. Equations are written for isotopic
stcady state when lactate is the unlabelled substrate
(Scheino 1),

Acctyl-CoA:

VaQl) =aV;

C-5 of a-oxoglutarate:
aVyp=b(Vi+Vy)
C-1 and C-4 of dicarboxylic acids:
(Vem)[2+ (Ve + V)bf2 =m (Vo + Vit Vi)
Solving these equations yields:

m Va
Y Vo2V + 2V
2V,
= 2 [ .. S
= =y eVt ovn (45)

‘When malate is the unlabelled substrate (Scheme 2),
we consider only the case where extramitochondrial
and intramitochondrial malate are assumed in
isotopic equilibrium (x = m).
Acctyl-CoA:

VA(].) = aVT

(Vo+ V) (Vi+2Ve+2Vy)

Rearranging to solve for Vg gives:

Ve=

T (Vat Vet Vet Vy) (Vo4 2Ve 42V ) —(Ve+ Vi) (2Ve+ Vg)

_ (Ve+2Vy) (Vo + Vo) =R[(Ve+ Vi + V) (Ve +2V ) = ViVl

(A2)

(A3)

R(2 VG + VB +2 VN -+ 1"1-) - 2( "yG + VB)

If Vg =00, eqn. (A2) above reduces to:

_ 2(Vo+Vg)
2V +Vy+Ve+2Vy

This gives the value of the dilution in glucose
specific radioactivity expected if extramitochon-
drial and intramitochondrial malate aro in comnplete
isotopic equilibrium.

R

(A4)

(C) Specific radioactivity of glucose formed from

[1-14Clacctate plus either L-lactate or L-malate
Sohemes 1 and 2 show the models used when

L-lactato or L-malate respectively is the unlabelled

C-5 of a-oxoglutarate:
aVyg=b(Vi+Vy)
C-1 and C-4 of dicarboxylic acids:
(Ve+ Vab/2 =m(Vg+ P+ V)
Solving theso equations yields:

Va
T2(Va+ Vit Va)
Va
Vot Vot V

m

Q@ =2m = (AG)
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4. Akira Ohara, Katsumi Endo, Shizuko Matsumoto and Masashichi
Yoshioka : Studies on the Inhibitors of Thiol-enzymes V. Influence
of Dibasic acids on the Activity of Papain.

E. J. Morgan and Friedmann have been shown that maleic acid and SH-compounds
They have applied this
reaction to the study of some enzyme reactions which are held to be induced by SH-
compounds?.

interact with the formation of stable addition compounds?.

The combination of @, S-unsaturated ketone with the compounds having SH radical has
been already noticed®. The inhibiting effects of benzalacetophenone or furfralacetone on
papain, was observed by Watanabe et. al¥. In the previous paper one of the authors
described the relation between activity of. the thiol enzyme and influence of the several
unsaturated compounds®, '

The present research has been planed to clearify relation between activity of the thiol

enzyme and influence of the dibasic acids, which have four similar carbon number.
Experiment and Method

1. Papain: Papain used in this experiment was purified by the same method descrived
in the previous paper®.
N: 15.17%

2 Substrate: Gelatin (N: 15.33%) was used as substrate,

3. Dibasic acids used in this experiment were shown in Table L -

Analytical data for the preparation are as follows; protein

Table 1. Dibasic acids,
Name Structure Name Structure
CH,~COOH CH-COOH
succinic acid éﬂz -COOH maleic acid CH-COOH
HO-CH-COOH . . HO-C-COOH
. . dihydroxymaleic
malic acid CH,-COOH acid HO-C-COOH
HO-CH-COOH HOOC-C-H
tartaric acid HO-CH-COOH fumaric acid H-E-COOH
?H dihydroxyfumaric HOOC_E:_OH
dihydroxytartaric HO-(%-COOH 2cd HOC-COoH
acid HO-(E—COOH CH,-COOH
OH oxaloacetic acid ¢o-coon

4. Determination of activity of enzyme: The Formol titration method? described in the
previous paper® was applied,
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Table 2. Influence of Satnrated Dibasic Acids on the Activity of Papain.

\\ tartaric acid
\ 0 60
N\

Succinic acid

N

30 60

o ~COOH pg |activity| -COOH pg ‘ activity on N —-COOH pug iactivity| ~-COOH ug | activity

\| equivalent* l % equivalent*! % " ! equivalent* % equivalent* %

0 13.4 100.0 17.3 100.0 0 13. 4 100.0 17.3 100.0
10-% 15.7 117.2 18. 4 106. 4 10-* 13,9 130.7 14.6 84.4
10-4 15.2 113.4 16.5 95.4 104 13.4 100.0 14.4 832
10-2 14. 4 107.5 16.5 65.4 10-3 11.0 821 12. 4 7.7
10— 11. 4 85.1 13.2 76.3 10-* 6.9 51.5 9.2 ; 53.2

\ malic acid \ dihydroxytartaric acid

30 60 \ 30 60

™) “COOH pg lactivity | -COOH pg | activity ™) \_ | -COOH g jactivity | -COOH g jactivity
cquivalent*| 87 {equivalent®} % “lequivalent*| % |equivalent*| %

0 13. 4 100.0 17.3 100.0 0 13.4 100.0 17.3 100.0
10— 13.5 100.7 2L 4 123,7 10-* 1.7 87.3 123 7.1
10-4 14.1 105. 2 22.4 129.5 10—+ 1.4 85.1 127 73.1
102 14.3 106.7 22,5 130.1 102 9.8 73.1 10.4 6.1
10-2 15.2 113. 4 23.0 132.9 10-2 6.2 46.3 6.8 39.2

"10-2 15.9 118.7 27.8 160.7 10-r | 4.3 321 5.4 3.2

* per papain N lmg
- B Resalts and Discussion

The effects of dibasic acids upon activity of papain are shown in Table I and Table IL

Succinic acid in the hight concentration inhibited the activity of papain "and little
inhibited with the decrease of 'concentration.

Malic acid which was gained by substituting one hydrogen atom of succinic acid with
hydroxyl group, increased the activating effect with increase of concentration.

Tartaric acid whichsubstituted one hydrogen atom of malic acid by hydroxyl group,
increases the inhibition with the increase of concentration like as succinic acid.

Dihydroxytartaric acid which substituted two hydrogen atoms of tartari.c acid with two
hydroxyl groups, inhibited: the papain activity.

From the above, it was obseved that when substituted hydrogen atom of succinic
acid with hydroxyl group, one hydroxyl‘substitution product increased papain activity
but with the increase of hydroxyl groups the inhibition of papain increased in more than
two substituents, .

Meleic acid having unsaturated bond against succinic acid, showed the strong inhibi-

tion upon papain activity., This result is in accord with the report of E. J. Morgan and

ohE
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Tadle 3. Influence of Unsaturated Dibasic Acids on the Activity of Papain.

}\ maleic acid \\ dihydroxymaleic acid
N v
O\ 3 60 \ 30 60

N o ~
: ~COOH pug ‘activity | -COOH pg ' activity N\, | “COOH png | activity | ~COOH activit
(M) \_eqtﬂ\glenl‘ % equivalent* % (M) \ Sgpi_xa_l»ggt_"“! % equivale#g‘ % i
o i 134 100. 0 l 17.4 100.0 0 13.4 100.0 17.3 100.0
: 15_, n 12.3 *;;; 1.8 85.1 10--3 15.0 1111 18.3 105.7
—a
o 2 - s 2s 110 1.7 87.3 13.9 80. 4
10-2 9.1 67.9 10.3 58,4
10-3 8.6 64.2 13.8 79.3 = =
dihydroxyfumaric acid
10-2 4.8 35.8 81 46.6 \§
30 60
10~ 3.6 27. . . __ —
7_7?_71__“_:77;‘_,__ 6 4 | 300 (M)\\ “COOH 7ig activity | -COOH 7ig |activity
g fumaric acid | lequivalent?| %  lequivalemt*]| %
NN i 0 13.4 | 1000 17.3 100.0
\ % |_ e 12.8 | 103.0 194 |1nz1
vy \ | -COOH g factivity | -COOH g | activity Iy
M) N cquivalents Y quyi}z?lsrﬁ_ﬁ_%_y_ 14.1 105.2 20.4 117.9
0 | 134 j1000 17.4 | 100.0 151 ju27 2.3 1231
10 126 | 940 15.2 i_§7.4 oxaloacetic acid
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E. Friedmann that maleic acid and -SH compounds interact with the formation of stable
addition compounds”. That is the inhibition increased with the increase of concentration
of maleic acid.

Dibydroxymaleic acid substituting two hydrogen atoms of maleic acid with two hyd-
roxyl groups inhibited stronger than maleic acid. Namely, products substituting hydrogen
atom with hydroxyl group, inhibited upon papain activity.

Fumaric acid and dihydroxyfumaric acid, which is frans form of maleic acid and
dihydroxymaleic acid, showed the activationforpapain and the activation of dihydroxyfumaric
acid is stronger than fumaric acid. It is supposed that this is th effect of hydroxyl group.

The order which showed activation among effects of each kinds of dibasic acids upon
papain is following:

fumaric acid>malic acid>dihydroxyfumaric acid

Succinic acid showed little influence and the order which showed the inhibition dihy-

1964 Akira Obara et al : Studies on the Inhibitors of Thiol-enzymes V. (35)

droxytartaric acid>dihydroxymaleic acid>tartaric acid>maleic acid.

From the above, it was observed that unsaturated bond of dibasic acids inhibited for

papain activity. It was supporsed that this combinated -SH group of papain in form
addition compounds. On substituting hydrogen atom in morecural structure with hydroxyl
group, one hydroxyl group activated but more than two inhibited, with the increase of
hydroxyl group number inhibited stronger. Fumaric acid, which is frans form activated
but maleic acid, which is ¢is form inhibited upon papain activity.
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RESEARCH ON THE PHOSPHATASE OF THE PROSTATE.

I.~- STUDY ON THE MECHANISM OF ACTION OF CITRIC ACID.

by C. Amagnostopoulos
(Report received April 10, 1953) a portion of this work was presented
at the session of February 14, 1951,

The phosphatase of the prostate was characterized for the first time by
KUTSCHER and WOLBERGS (1). From 1935 to 1941, in a series of studies, KUTSCHER
and his coworkers specified the principal properties of this enzyme (2-5) (op-
timal pH of action (3), inactivation by certain organic solvents (3), inhib-
ition of concurrent character by the fluor ions (5)) and tried to obtain it
in highly purified form.

Since then a great number of researchers have enriched our knowledge of
the chemistry and enzymology of prostatic phosphatase. 1In this work however
there exist divergences of opinion on certain points. One of these points,
as already pointed out by LUNDQUIST (6) is the optimal pH of this enzyme.
KUTSCHER and WHRNER (2) found an optimum pH range extending from 5.2 to 6.2
with betaglycerophosphate as substrate and of pH 4.0 to 5.4 with phenylphos-
phate.

LONDQUIST (6) fixes this optimal'pH at 6.0 for the two substrates; the
curves published by ABUL FADL and KING (7) indicate an optimum at pH 5.2 -
5.5, The curves presented by all these authors have very different fomms.

Certain organic anions seem to enter into play in apparently fairly com-
plex manner: LUNDQUIST (6) points out that the citrate ions accelerate the
hydrolysis of the beta-glycerophosphate (from 10 to 30 percent and sometimes
even more); on the other hand they exert but an insignificant action on the
hydrolysis of phenyl-phosphate.

. The same author has furthermore observed that the citrate ions (at pH
6.0) neutralize the inhibiting action of small doses of fluoride on the
same enzyme and diminish the action of larger doses. He also pointed out
thelinhibiting action of oxalate and maleinate ions. The action of the oxa-

late ions is not influenced by the presence of the citrates. The activating
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action of the citrate ions on certain acid phosphatases has already been en-
visioned by different authors (8, 9, 10, 11, 12, 13). oOxalate ions are known
inhibitors of the same acid phosphatases (14, 15).

ABUL-FADL and KING (16, 7) observed that the tartrate L (4) ions (the
natural dextrorotatory isomer) are energetic inhibitors of prostatic phospha-
tase and other animal acid phosphatases (liver, bile). These authors pointed
out the reversible character of this inhibition.

In our research on the effectors of acid phosphatases (17, 18, 19, 20) we
frequenctly resorted to preparations of prostatic phosphatase; we noticed
the properties which relate them to the group of acid phosphatases; in addi-
tion to the optimum pH, identical mechanism of inhibition by the fluor ions
and some mineral polyacids (molybdenum, tungsten, phospho-molybdenum, phospho-
tungsten and vanadium). On the other hand we pointed out the characters which
differentiate it from the other phosphatases of type II, particularly those
of vegetal origin; greater sensitivity to the action of certain reagnets of
amine groups (ketene, nitrous acid)(18), wider field of action (action on
phosphoric esters of amino-alcohols, hydrolized to a minimal extent by the
other acid phosphatases) (21).

It is during our research on the inhibition of acid phosphatases by the
fluor ions, while studying the influence of these ions on prostatic phospha-
tase in function of the pH, that we were led to approach the gquestion of the
optimum pH of this enzyme and the role of the citrate ions.

We deemed it interesting to undertake further research on the mechanism of
action of the organic anions; we can in fact envision that the study of these
phenomena carried out on purified preparations of prostatic phosphate could
help us elucidate the complex problems posed by the action of the other effec-
tors of prostatic phosphatase. These results were apt to be generalized to
other acid ﬁhosphatases. Moreover the prostatic phosphatase represents the

most active preparation of acid pohsphatase known to date.

In the first part of this work we shall present the results obtained on the

activating action of some organic anions and more particularly on that (the
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most important) of the citrate ions.
EXPERIMENTAL PART
a) Enzyme preparations:
1) Prostatic phosphatase. W used pﬁeparations obtained by ammonium sul-
fate fractionation of human prostate autolysates obtained by the following
method: .

Fresh glands are ground in a Turmix mixer with 10 times their weight of a
0.9% ClNa solution; this is autolyzed for 48 hours at laboratory temperature,
(after addition of a few drops of toluene). After centrifuging and filtering
on paper, the clear liquid is fractionated, at 0°, by the ammonium sulfate;
The fraction obtained, between 60 and 80% of saturation in ammonium sulfate,
is washed by a solution of ammonium sulfate at 80% saturation, redissolved in
100 cc of bi-distilled water, then the liquid is subjected to a dialysis of
long duration in cellophane bags, at Oo, against the bi-distilled water until
complete elimination of ammonium sulfate (negative reaction of the ammonium
iohs with the NESSLER reagent). The enzyme solution is then diluted so that
1.0 cc, in the conditions described further down, causes a hydrolysis of beta-
glycerophosphate of 10 to 20% in 1 hour. These preparations (after dilution)
yield 50 to 200 gamma of dry résidue per cc depending on the case. They can
be stored in the refrigerator under toluene without appeciable loss of activ-
ity for several months. The fractions precipitated between 40 and 60% of
saturation in ammonium sulfate entrain a certain portion of their phosphatase
activity, but it is the insoluble fraction between 60 and 80% which has the
greatest activity by far.

2) oOther acid phosphatases. When we incidently compared the behavior of pros-
tate phosphatase with that of other acid phosphatases, we used the following
phosphatase preparations: phosphatase of white Mustard seed and of wheat Bran,
purified according to our usual method,’ previously described (17), as repre-
sentatives of vegetal phosphatases of type II; takadiastase of PARKE, DAVIS
and Co. and a macerated mycelium of Aspergillus Niger for phosphatases of

type ITI (opt. pH 4.0), and finally morning urines of man and woman subjected
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to 24 hour dialysis in the refrigerator, as a source of animal phosphatase
of type II.
b) Determination of enzymatic activity:

In most tests we used disodium beta-glycerophosphate as a substrate. The
solutions of this substrate were brought to the pH of the tests by addition
of 2 N acetic acid. The concentration of substrate in the medium was 0.016
M. The medium was bufferéd with 5.0 cc of an acetic acid/sodium acetate buf-
fer (concentration of acetate in the medium - 0.10 M), For a large number of
tests in presence of certain effectors this pH was 4.6, experience having
taught us that at this pH the activity of the enzyme was still considerable
and the action of the effector in question was more manifest than at pH 5.5,
which facilitated the study of this phenomenon. The quantity of enzyme solu-
tion added was 1.0 cc, as previously indicated, the total volume of each test
was 50 cc, the duration of hydrolysis was 1 hour at 37°, the tests having been
brought to this temperature before the addition of the enzyme. In the cases
where certain of these factors were made to vary, the new conditions adopted
for thes: cases will be specified in the corresponding Taﬁles and Graphs.
¢) Curves of activity in function of the pHs.

The substrate (beta-glycerophosphate) was brought to the desired pH's by
means of 2 N acetic acid. As buffers we used a range of 2 M acetic acid/
sodium acetate buffers. For the pH range from 5.5 to 6.5 we uéed the buffer-
ing power of the substrate. We took account of the variations in ionic forces
and, following LUNDQUISTS's (8) recommendations, we maintained the ionic force
constant in all the tests of each series by adding to the solution§ of acetic
acid which served for the preparation of the buffers, an equimolar quantity
of ClNa.

The pH of the tests was controlled with the glass electrode. For the
curves in fqnction of the pH, in presence of citrate, we used disodium ci-
trate/hydrochloric acid and disodium citrate/soda buffers according to gOREN-
SEN covering the range of pH from 2.5 to 6.5 at variable quantities to maintain

the concentration in citrate constant along the entire pH range under study.
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Precautions were taken to also maintain the ionic force constant.

The other conditions were those set forth under (b)..

d) study of the action of effectors:-

The solutions of pure substances (ofganic acids, metal salts or other effec-
tors) brought to the pH.of the tests by means of 2 N acetic acid or soda were
added in the medium containing the substrate and the buffer, before the addi-
tion of the enzyme in qﬁantities‘suitable to obtain the desired effector con-
centration. In certain cases there was prior incubation of the enzyme with
the effector. 1In these cases, or when particular precautions were necessary,
these details are specified in the text,

On several occasions we had to dose small quantities of citric acid (in
raw prostate autolysates, in phosphatase preparations dialyzed in presence
of citric acid); in these cases we used the WEIL-MAIHERBE and BONE (22) micro-
method with slight modifications in the handling details. The elimination of
protein matter was done with the FOLIN and WU reagent.

RESULTS
Action of the citrate ions in function of the pH.

Fig. 1 shows the influence of the pH on the activation of prostate phospha-
tase by the citrate ions. This activation, of small extent in the optimum pH
region of the enzyme (pH 5.6) and at greater pH values, becomes more important
as the pH decreases. The prostate phosphatase exhibits a considerable activity
in the range of pH 3.6 - 6.0 while in the absence of citrate the activity
qguickly drops from a pH more acid than 5.0.

The curve obtained in presence of citrate is flattened in the range of pH
3.5. 6.0, the optimum (pH 5.54) is not very prominent (the percentage of
hydrolysis of the substrate is 13.8 for a pH 3.6 to 15.1 for pH 5.54). This

curve resembles that obtained with phenylphosphate, without addition of ci-

trate (Fig. é), substrate for which prostate phosphatase has a greater affin-
ity than for beta-glycerophosphate and on the hydrolysis of which the citrate
jons have little action (see also Table IV, further down).

Moreover,the hydrolysis curve of beta-glycerophosphate by prostate phospha-
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tase in function of the pH, in presence of citrate ions, recalls the curve pub-
lished by KUTSCHER and WSRNER (3) representing the stability of prostate phos-
phatase in function of the pH.

The rate of activation of the enzyme by thé citrate at a given pH (espec-
ially for pH values below pH 5.0) varies slightly from one enzyme preparation
to the other. This is probably in relation with the degree of denaturation
of the enzyme. We shall return to this point later on.

Table I indicates the percentage of activation (at pH 4.6) by variable ci-
trate concentrations which we observed with most of our freshly prepared puri-
fied preprations following our operating method, i.e. with enzymes subjected
to the treatment indicated above (experimental part (a)).

It can be seen that the citrate ion§ manifest their action beginning with
a small concentration (10-5 M); at a concentration of Z!.O—4 M the action is al-
ready considerable; the optimal concentration is approximately 10_2 M; at
higher concentrations (10—1 M) the activation decreases.

" Oon preparations kept too long in the refrigerator (more than one year)
and which have lost a part of their activity through aging, the action of
citrate ions seems more pronounced. On raw prostate autolysates,the action
of citrate is less marked than on purifieq preparations. This is explained
by the fact that these raw autolysates contain small quantities of citric
acid, a natural component of the prostatic secretion.

Tn a dilute prostate autolysate we found a concentration of 8.9 x 10_5 M
citric acid.

Fig. 3 represcnté the hydrolysis of beta-glycerophosphate in function of
the pH by such a fresh prostate autolysate with and without addition of ci-
trate.

The curve'obtained with the autolysate without citrate occupies an inter-
mediate position between the purified preparation without addition of citrate
(Fig. 1, curve 1) and the 2 almost identical curves obtained with the purified
preparation or autolysate in presence of a concentration of 1 x 10‘-2 M citrate

(Fig. 1 and 2, curves II).
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Action of various organic compounds on prostatic phosphatase:

We have sought if this activating action was specific of the citrate ions
and what could be the chemical functien of this body responsible for this ac-
tivation, |

To this end, we studied the action of a great number of compounds on the
hydrolysis of beta-glycérophosphate by the prostate phosphatase: mono- and
di-carboxyl organic acids, alcohol acids, acids possessing other functions
(thiol, amine, ketone), citric acid derivatives (dimethyl ester of citric
acid), polyols, oses,

Table II shows that only carboxyl compounds possessing in addition an
alcohol thiol or ketone function at alpha, are capable of causing the activa-
tion of the enzyme. Thus lactic acid énd alpha-oxybutyric acid have an activ-
ating action, but beta-oxypropionic acid and beta~oxybutyric acid exert no
activation; dimethyl ester of citric acid, which differs from citric acid
only by the fact that two of the carboxyls are blocked by esterification,
acts like citric acid. A thiol or ketone function (the latter reacting prob-
ably under its enolic form) at alpha imparts to the product the same power of
activation on the prostate phosphatase. The oses and polyols studied exerted
no action,

The alpha-amine acids cause a slight inhibition and this action is due to
the amine function, as demonstrated by tests with monoethylamine and hydrazine.
Certain dicarboxyl acids possessing an even number of carbon atoms (oxalic,
succinic, maleic) exert a certain inhibition,

We shall study the action of L-tartric acid further on.

The citrate ions however possess thepower of activation on phosphatase to
a much high-r degree than all the other alpha-alcohol acids etc.; free car-
boxyls are‘necessary, as shown by the experiments whose results appear in
Table III, wﬁgre the action of some alpha-alcchol acids on the enzyme has

been studied in function of the concentration of the effector.
In fact, comparing Tables I and III, we can obsexve that glycolic and lac-

tic acids have little action at low concentrations, and the same holds true
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for the dimethyl ester of citric acid, with respect to citric acid.

Kinetics of activation by citrate ions:

We studied in greater detail the mechanism of this activation by citrate
ions. 1In Pig. 4, according to the method of presentation of LINEWEAVER and
BURK (23), are represented the data obtained in function of the concentration
in substrate (beta-glycerophosphate) with and without addition of citrate.

According to these experiments, the citrate ions increase the affinity of
the enzyme for the substrate. The affinity of prostate phosphatase for beta-
glycerophosphate at pH 4.6 calculated according to this diagram is 47.5 in
the abscnce of citrate and 145.5 in presence of a concentration of 1 x 10"2
M citrate. With strong concentrations € substrate (above 0.02 M) the speed
of hydrolysis in presence of citrate decreases a little. This fact seems to
indicate a competition between the substrate and the effector for the same
active groups of the enzyme. |

The tests performed in function ;f the duration of hydrolysis and in func-
tion of the enzyme concentration (Fig. 5) show that a competition also exists
between the citrate ions and the phosphate ions released. The purified en-
zyme does not appear to be affeqted by small quantities of phosphate. On the
other hand these same phosphate concentrations decrease the activation pro-
duced by the citrate. The strongest activation at low rates of hydrolysis
of the substrate (125% activation at 4.3% hydrolysis of the substrate in the
control test) decreases as the hydrolysis of the substrate progresses (20%
activation only when the hydrolysis is 47% in the control test). The citric
acﬁivation depends moreover on the enzyme concentration in the hydrolysis
medium,

Action of citrate on the hydrolysis of different substrates:

Table IV shows that the citrate ions increase the speed of hydrolysis of
all the substrates we subjected to the -action of prostatic phosphatase, but
the rate of activation varies according to the substrate (for the same mole-
cular concentration in substrate and the same percentage of hydrolysis). This

rate of activation is in relation with the affinity of the enzyme for the
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substrate in question: the activation is all the more pronounced as the affin-
ity 1&4 for the substrate is smaller.

Action of citrate ions on other acid phosphatases:

Prostate phosphatase, although more sensitive to the action of the citrate
jons, is not the only phosphatase apt to be activated by this effector. Out-
side of phosphatases of Type III (taka-diastase, Aspergillus niger) whose
activation by citrates has already been studied by BAMANN and SALZER (2, 10)
and COURTOIS (11) the végetal acid phosphatases exhibit this same property,
though to a much smaller extent.

In this Table V are compared the activities of all these enzymes in pres-
ence of citrate.

In order to explain the nature of the zction of citrate ions on the affin-
ity of prostate phosphatase for its substrates and on the speed of hydrolysis
of these substrates, we have envisioned two hypotheses:

- The citrate ion would be either a "true activator" of the enzyme or an
“anti-inhibitor". In the second case, it would act by blocking an inhibitor
present in the reaction medium; it would be contributed either by the enzyme
preparation itself, or by the reagents (substrate, buffer, etc.).

The use of bi-distilled water prepare§ in a glass apparatus for the prep-
aration of all the solutions and of'pure products "for analysis", and con-
trolled by us also for the presence of certain ions should, in principle, make
it possible to eliminate this last eventuality. There remained the hypothesis
of a natural inhibitor existing in the enzyme preparations as an impurity and,
as such, we envisioned traces of metallic elements so easily complexed by
alpha-alcohol acids and present almost regularly in the ashes of prostate
phosphatase preparations.

In a purified preparation of prostate phosphatase we were able to discover
the following metallic elements by spectrography:

Mg, Ca, Fe (the latter in infinitely small traces).

These metals solidly adsorbed on the proteins and, by this fact not elimin-

ated by dialysis, would hinder the formation of the enzyme/substrate complex
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and their elimination (or blocking) by the citrate would increase the affinity
of the enzyme for the substrate.

Dialysis in presence of citrate;

In attempting to elucidate this problem; does the citrate act as an activa-
tor of phosphatase or as an anti-inhibitor by blocking an inhibitor present in
the medium?, we resorted to dialysis tests.

Solutions of prostate phosphatase were mixed in equal volumes with a citric
buffer M/10 of pH 4.6 and the mixtures were dialyzed at +3° against bi-dist-
illed water, frequently renewed. Elimination of the citrate ions was followed
by daily qualitative search and frequent microdosages in the dialysate. Dial-
ysis was continued for two or three more days after the dialy§ate had ceased
to produce the citrate reaction according to the micromethod of WEIL-MALHEREE
and BONE (21). Control solutions of phosphatase diluted with the same vo lume
of acetic buffer of pH 4.6 were subjected to dialysis of liké duration,

During the dialysis, the preparétion remaining in the dialyzer was often
controlled from the standpoint of enzymatic activity, with and without addi-
tion of citrate. Table VI represents the principal steps of this operation.

The major portion of the citrates is eliminated during the first few days.
The elimination then becomes sl§wer and slower. A small quantity persists in
the medium and it is eliminated only very slowly. A certain proportion al-
ways remains bound to the enzyme preparation, even after 46 days of dialysis
when the concentrated dialyzate has not produced the citric acid reaction for
several days.

The activity of the enzyme solution dialyzed in presence of citrates de-
creases as the citrate.is eliminated from the medium and the enzyme can be
react}vated by addition of a new. quantity of citrate.

This would prove that the citrates act not only by eliminating an inhibitor
present in the medium. 1In fact the percentage of activation by a new quantity
of citrate depends on the duration of the dialysis, i.e. on the quantity of
citrate still present in the liquid subjected to dialysis. Nevertheless the

activity of the enzyme dialyzed in presence of citrate never drops back to the
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initial value of the phosphatase activity (i.e. before the adition of citrate).
A certain activation persists even after a very prolonged dialysis (approximate-
ly 44% activation after 40 days of dialysis). 1t seems logical to attribute
this activation to small quantities of citrate (2.85 by 10-5 M in the prepara-
tion dialyzed for 40 days) which do not pass through the membrane and appear to
be bound to the enzyme. It should be mentioned however that a preparation of
purified prostate phosphaéase, and therefore containing not even traces ;f
citrate, placed in presence of a quantity of citrate twice as great as that
found in lengthily dialyzed preparations (added in the hydrolysis medium or in-
cubated with the enzyme for 8 days in the refrigerator) was activated only by
6.5%. It is quite possible that the dialyzed enzyme having undergone a long
contact with a Qery large quantity of citrate, has fixed a small quantity of
this ion, which is solidly fixed upon the enzyme and facilitates the bond with

the substrate.

Influence of citrates on the inhibition of phosphatase by fluorides:

Table VII shows that the citrate ions can either abolish the inhibition of
prostate phosphatase produced by small concentrations of fluor ions (2 x 10-4
or less), or diminish that produced by greater concentrations of this inhibitor.
In order for the citrate ions to fully e#ert this action, they must exist in
large excess: the ratio fluoride/citric acid must be equal to 1:50. Finally
ghis action depends on the pH of the medium.

Fig. 6 shows an example of the action of fluor ions on prostate phosphatase
in function of the pH, in presence and in absence of citrate ions.

iIn the absence of citrate, for a given concentration of fluor ions, the in-
hibition has a stable value for all pH values less than 4.5..

Beyond this pH (4.5), inhibition of the enzyme decreases gradually. On the
o;her hand the citrate ions fully exert their fluorated inhibition oly at pH
values greater than 4.5. For lower pH values, the action of citrates becomes
weaker and weaker and the fluorated inhibition approaches the value obtained
in the absence of citrate.

fhis action is specific for citrate ions and could be attributed to the ex-
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istence of several carboxyls in the citric acid moleéule, in other alpha-alco-
hold acids, etc., which activate the phosphatase. A ceftain number does not
exert this action at all on fluorateé jnhibition and the others do exert it,
but to an extent much smaller than thag of citric acid. The blocking of the
two carboxyls of citric acid (dimethyl ester of citric acid) produces a great
decrease of this actiog (Table VITI).

The citrates do not influence the inhibition of vegetal phosphatasee by

the fluor ions.

GENERAL DISCUSSION OF RESULTS

Wwe have discussed above, in connection with each Table or Figure, the facts
contributed by these experiments. Frdm the body of these results the following
facts stand out:
1) Organic acids possessing an alcohol, thiol or ketone function at alpha
increase the affinity of human prostate phosphatase (and of certain other acid
phosphatases) for its substrates. The existence of severa 1 carboxyls in the
molecule accentuates this property of the alpha-alcohol acids, etc., and citric
acid with its 3 carboxyls proves the most effective of all the acids studied.
This action is probably, to a large extent, an anti-inhibiting action: elim-
ination of an inhibitor present in trace quantities in even the most purified
enzyme preparations which are partly free in the medium (dissociated and apt to
be eliminated by dialysis in presence of citrate ions) and partly solidly fixed
upon the enzyme or even forming a part of the enzymatic molecule. We cannot
yet pronounce ourselves concerning the nature of this inhibitor. The metallic
elements (Ca, Mg, Fe) present in very small quantities in the ashes of the en-
zyme preparations used can probably be the cause of this phenomenon,
2) The tests performed on purified preparations of prostate phosphatase using
phenylphosphate as a substrate and the tests with other substrates in presence
of citrate ions bring out the fact that this enzyme exhibits an activity in a
rather extensive range of pH (pH 3.6 - 6.2); with a very little marked optimum

(towards pH 5.54).
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This fact is interesting from the standpoint of the physiological action of
prostate phosphatase. This phosphatase can be particularly active in the vagin-
al medium and withstand, without appreciable reduction of its activity, the pH
variations of this environment (pH 4.0 - 5.6) as was earlier pointed out by
KUTSCHER and WORNER (3) in connection with their tests on the thermic inactiv-
ation of the enzyme in function of the pH. The presence of important quanti-
ties of citrate in the sperm guarantees the stability and the activy of the en-
zyme in this pH range.

3) The action of the citrate ions on the inhibition of prostate phosphatase by
fluor ions deserves being discussed in greater detail. We cannot yet affirm
whether a relation does or does not exist between the activating or anti-
inhibiting action of the citrate ions and their power to abolish (or decrease,
according to the case) the inhibition produced by the fluorides. Yet we had
indicated that the citrate ions are the only ones, among thé organic anions
studied, to possess this power to é high degree.

on the other hand, the existence of several carboxyls in the citric acid
molecule seems to be the cause of this state of affairs. The other alpha-
alcohol acids, etc. have little action on the fluorated inhibition.

The citrate, as we have already seen, is the only ion among all the anions
studied possessing to the highest degree the activating or anti-inhibiting power
over phosphatase. It could well be that, along with the inhibitor contained in
their midst, the fluor ions form a complex which has a greater inhibiting power
than the fluor ions alone. By combining with the inhibitor and eliminating it
frém the medium, the citrate ions would reduce the inhibition of the enzyme by
the fluor ions to its true value: combination enzyme + fluoride, and no longer
enzyme + inhibitor + fluoride. The unknown inhibitor would have more affinity
for the fluor ions than for the citrate ions, as can be imagined from the fact
that a great excess of citrate is always neceésary to abolish (or diminish) the

inhibition exerted by the fluor ions.
Curve 1 of Fig. 6 represents the dissociation in function of the pH of the

enzyme complex + fluoride (or enzyme + inhibitor 4 fluoride) or that of the
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complex fluoride 4 unknown inhibitor.

An interesting fact is that the pH value at which the inhibition exerted
by the fluor ions begins to diminish.(without addition of citrate) is pH 4.4,
which corresponds to the value found by KUTSCHER and PANY (4) for the isocelec-
tric point of the prostatic enzyme. |

This fact would mean that if the curve represents the dissocation of the
complex enzyme + fluoride in function of the pH, this complex is more stable
on the acid side of the isoelectric point of the enzyme.

The inhibition by the fluor ions has a fixed value for each concentration
in fluor ions for all pH values more acid than the isoelectric point of the
phosphatase. From this pH the complex begins to dissociate and the inhibition
diminishes. The opposite is true for ‘the citrate ions: the combination citrate
+ unknown inhibitor or citrate + enzyme which protects the pohsphatase from the
fluor ions is more stable on the alkaline side of this same pH value (pH 4.4 -
4,5); for more acid pH values this combination issociates and the citrate ions
are less and less effective for the protection of the enzyme against the fluor
jons. Now, our experiments of dialysis of prostate phosphatase in presence of
citrate,outlined above, tend to prove that the natural inhibitor (probably a
metallic ion) does not dissociate easily and appears to form a part of the en-
zymatic molecule. This inhibitor wou ld hinder the combination enzyme - sub-
strate and this would occur especially on the acid side of the optimum pH of "
the enzyme. The combination of fluor ions with this iﬁhibitor would bar the
acess of the enzyme to the substrate.

It should be supposed that the citrate ions complex this inhibitor on the
surface of the enzyme and, simultaneously and independently, foster the forma-
tion of the combination enzyme - substrate. This would explain the activating
(or anti-inhibiting) éction of the citrate ions and at the same time their
effect in the case of fluorated inhibition.

A competifion would exist between the citrate ions and the fluor ions,
which would be influenced by the pH and the relative concentrations in citrate

ions and in fluor ions.
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SUMMARY
1) The action of many organic anions was studied on the phosphatase of puri-
fied human prostate. The acids possessing an alcohol, thid or ketone function
at alpha increase the affinity of this enzyme for its substrates. Citrate
jons exhibit this action to a greater degree than the other ions studied.
Activation is more manifest on the acid side of the optimum pH of the phos-
phatase. The curve of affinity of the enzyme in function of the pH has, in
presence of citrate ions, a flattened form in the pH range 3.6 - 6.2 and ex-
hibits a slightly pronounced optimum towards pH 5.5 - 5.6.
2) Citrate ions have in addition the power of abolishing the inhibition of the
enzyme by small concentrations of fluor ions and of diminishing the inhibition

produced by strong concentrations of the same ion. This action is in function

of the pH.

Fig. 1. Action of citrate ions on the hydrolysis of beta-glycerophosphate by
the phosphatase of purified prostate in function of the pH.

Concentration of citrate ion in the mediums 1 x 10-2 M:
I. Without addition of citrate
II. With addition of citrate.

Fig. 2. Action of citrate ions on the hydrolysis of phenylphosphate in func-
tion of the pH, by the phosphatase of purified prostate.

Concentration of citra;e in the mediums 1 x 10“'2 M.

puration of hydrolysis: 30 minutes.

I.. Controls, without addition of citrate

II. Tests in presence of citrate.
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TABIE I. Action of Citrate Ions on Prostate Phosphatase.

Molecular concentration of -5 4 -3 -2 1
citrate ions in the medium IXI10 IX10 IXI0 IXI0 IX10
Relative activity .110,7  146.2 177.3 180.0 157.0

ph 4.6, ~ Test method: see experimental part (b).

The figures represent relative activities; ratio of the activity of the en-

zyme in presence of the effector‘to that of the control without effector, this
ratio being multiplied by 100.
Fig. 3. Action of citrate ions on the hydrolysis of beta-glycerophosphate,
in function of the pH, by a non-purified autolysate of human prostate.
Concentration of citrate ions in the medium: 1 x 10-2 M.

I. Controls, without addition of citrate

IT, Tests with citrate.

TABIE II. Action of certain organic anions (other than citrates) and some

. other substances on prostate phosphatase.

Nature of the effector Relative Nature of the Effector Relative

Activity Activity
D-malate 180.0 glycolate 160.0
D,L malate 85.2 D-lactate 180.0
D-tartrate 180.0 Beta-ocypropionate 100.0
L(*)tartrate - 4,8 alpha-oxybutyrate 175.0
D-mucate 173.5 Betz-oxybutyrate 100.0
D-saccharate 173.8 dimethylic ester of

citric acid 180.0

Oxalate 70.0 quinate 172.5
Malonate 100.0 pyruvate 150.0
Succinate 84.8 L~-cysteine 112.1
Maleinate 81.8 methylamine 83.4
Fumarate 100.0 hydrazine 75.9
Aconinate 100.0 D-glucose 100.0
Thiomalate 180.0 D~-levulose 100.0
L-glutamate 87.5 D-mannitol 100.0
L-aspartate 82.35

3. et

) o
PH 4.6.- Acetic buffer. Concentration of effector in the medium: 1 x 10~ M.
For the calculation of relative activity, see Table I.

.
.



- 17 -
TABIE III. Action of some alpha-alcohol acids on prostate phosphatase in

function of the concentration of effector.

Molecular concentration Acid dimethyl-citric

of effector in the medium p-lactic glycolic: (dimethylic ester of
citric acid

1x10~2 180.0 160.0 180.0

1x107> . 107.0 135.4 127.0

10”4 102.0 114.7 107.0

pH 4.6.- Acetic buffer. Substrate: beta-glycerophosphate.

The figures represent the relative activities calculated as in Table I.

Fig. 4. Action of citrate ions on the affinity Kh of prostate phosphatase

for beta—glyéerophosphate.

pH 4.6.- I. Control tests (without addition of citrate)

II. Tests made in the presence of citrate (1 x 1.0"2 M)

In abscissaes ?éf = inverse of the molecular concentration of substrate in
the medium.

In ordinates: —%—- = inverse of the speed of enzymatic hydrolysis, expressed
in mg of phosphorus, released in the form of orthophos-
phoric acid per minute.

Fig. 5. 1Influence of the orthophosphates released during the hydrolysis of
beta-glycerophosphate by the prostate phosphatase in presence of citrate
ions.

In abscissae: molecular concentration of orthophosphate (P04)"' in the medium
(phosphates released by hydrolysis either in function of time (I) or in
function of the enzyme concentration (II)).

In ordinates:; relative activity calculated as in Table I, with respect to con-

trol tests without addition of citrate.

pH 4.6, Concentration of citrate in the medium: 1 x 1072 .

I. Testé in function of the duration of hydrolysis (constant enzyme conocen-

tration).

II. Tests in function of the enzyme concentration (duration of hydrolysis
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constant. Quantity of enzyme variables 0.10, 0.50, 1.0, 2,0 cc of
enzymatic preparation.

TABIE IV. Actions of citrate ions on the hydrolysis of various substrates by

human prostate phosphatase.

Substrate buration of Relative
hydrolysis Activity
(Minutes)
Beta-glycerophosphate 60 NI 180.1
Phenylphosphate 30 ST 116.1
Morpholinoethanolphosphate 45 T 129.6

pH 4.6.~ Concentration of effectors 1 ¢ 10 -%M. The duration of contact of
each substrate with the enzyme has been calculated so as to have an hydrolysis
of 10% in the control tests (without effector)., The other conditions are men-
tioned in the experimental part (b). |
Relative activities calculated as in Table I.

TABLE V. Action of the citrate ions on various acid phosphatases.

Origin of the pH of the Concentration Relative
enzyme test of enzyme (%) activity
Takadiastase (Aspergillus .
oryzae) 4.0 0.10 g. 201,7
Aspergillus niger 4,0 10 cm3 145.9
Moutarde blanche 4.6 0.02 g. 110.2
Son de Ble 4.6 0,02 qg. 114.3

Duration of hydrolysis: 24 hours for all the tests.

Other operating conditions: see experimental part (b).

Relative activities caiculated as in Table I.

TABLE VI, Dialysis of prostate phosphatase in presence of citrate ions.
A. Duration of dialysis (days)

B. Molecular concentration of citrate ions in the enzymatic preparation.
C. Search for citrate ions in the dialysate.

D. Activity

-2
E. Activity in presence of citrate ions 1 x 10 = M in the hydrolysis medium
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F. Relative activity.

A B C D E r

o 0 1446 .6 2598,8 179.6
0 5x10™2 2339,0 - -
18 6.2x10"° + 1931.9 2601.6 134.7
40 2.85x107° - 1907.0 2584,0 135,.4

(1) gamma of mineral phosphorus released in the formof orthophosphoric acid
per mg of total nitrogen and per minute in the standard conditions speci-
fied previously (experimental part (b)). Hydrolysis of the substrate not
exceeding 20%.

(2) calculated as in Table I,

TABLE VII, Influence of citrate ions on the inhibition of prostate phosphatase

by f£fluor ions,

Moleular concentration of the effector in the medium,

PH Citrate
FNa
(1o 2x10™ 1x107° 1x10~2
3.6 2x10:; 28.5 - - 40.5
* 1x10 4.3 - - 5.5
ae 21005 36,4 3.4 65.5 92.5
y 1x10 0.0 - - 34,1
2x10:: 66,7 - - 98.9
5.6 5x10_, 8.2 - - 93.7
1x10 5.9 - - 86.4

These experiments (like those of Fig. 6) were performed without addition
of buffer; the inhibition by the fluor ions (at the concentration of 2 x 10_4
M) being much more important in presence of a great concentration of ions in
the medium, the citrate ions possessing the faculty of abolishing the inhibi-
tion to the same degree in both cases. The solufions of substrate and citric
aclid were brought to the desired pH by addition of CH3COOH 2 N or OHNa 2 N,
The other operating conditions are those described in the experimental part

(b). The hydrolysis of the substrate did not exceed 15%. The figures repre-
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A

sent the relative activities calculated as in Table I; those in absence of
citrate ions (10) with respect to controls containing.no citrate; thoseof the
other columns with respect to control tests containing citrate.
Fig. 6., Action of citrate ions on th; ;nhibition of prostate phosphatase by

fluor ions in function of the pH.

Concentration of effectors: FPNas 2 x 10™+ m

Citrates 1 x 10-2 M

I. Tests without citrate

II. Tests with addition of citrate.
The relative activities are calculated as in Table I;
thoseof curve I with respect to a series of control tests without citrate;
those of curve II.with respect to control tests containing citrate.
The experiments were performed without addition of buffer, like those of
Table VII. |
TABLE VIII. Influence of different organic anions on the inhibition of pros-

tate phosphatase by fluor ions,

Nature of the Molecular concentration Molecular concentration of fluor

organic anion or organic anion ions in the medium
2x10™* 1x10~>

Aucun - ' - 36.4 0.0
Citrate 1x10™2 92,5 34,1
D-malate 1x10™3 41,7 -—
D-malate 1x10™2 48 .4 -
Dimethyl-citrate  1x10™2 56,0 0.0
Aconitate 1x10~2 36,4 0.0
Iactate 1x10~2 36,4 0.0

$H 4.6 .~ without addition of buffer,
Experimental conditions described in the experimental part (b). The fig-

ures represent the relative activities calculated as in Table I.

Translated by Carl Demrick Associates, Inc,/ARB/db
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g 1. — ETUDE SUR LE MECANISME D'ACTION
DE L'ACIDE CITRIQUE.

par C. ANAGNOSTOPOULOS,

L
e an e it
L ok i

(Mémoire recu le 10 avril 1933) ().

La phosphatase dc la prostate fut caractérisée pour la premiére
fois par KUTSCHER et WoLBenGs [1]. De 1935 & 1941, dans une série
de travaux, KUTSCHER ct ses collaborateurs ont précisé les principales .
propriétés de cet enzvme (257 (pH optimum d’action (37, inactiva-
tion par ceriains solvants organiques (3], inhibition de caractére con- ‘
current par les ions fluor [5]) et se sont efforcés de Y'obtenir sous
forme hautement purifi¢e. AN

Dés lors, un grand nombre de chercheurs ontr enrichi nos connais- . i
sances sur la chimie et Venzymologie de la phosphatase prostatique. ’
11 existe pourtant, dans ces fravaux, des divergences d’opinion sur .
certains points. Un de ces points, comme I'a déja remarqué LUNDQUIST
167 est le pH optimum de cet enzyme., KUTSCHER et WorNer 127 ont
trouvé une zone pH optimum s'étendant de 3,2 a 6,2 avec le p-glycé-
rophosphate comme substrat ¢t de pH 4,0 2 5,4 avec le phénylphos-
phate.

Lunpouist [6] lixe ce pH optlimum 2 6,0 pour les deux substrats,
les courbes publiées par ARUL Fapr et Kivg [7) indiquent un optimum
a pH 52-55. Les courbes présentées par tous ces auteurs ont des
formes trés différentes.

Certains anions organiques semblent intervenir d’une facon appa-
remment assez complexe : LUNDQUIST [6] a signalé que les ions citrate
accéléerent 'hydrolyse du B-glycérophosphate (de 10 a 30 p. 100 et
quelquefois plus), par contre, ils n'exercent qu’une action insignifiante
sur Phydrolyse du phénylphosphate. . ' h

Le méme autcur a observé de plus que les ions citrate (a pH 6,0)
neutralisent Paction inhibitrice des faibles doses de fluorure sur le
méme enzyme et diminuent celle des doses plus fortes. Il a égale-
ment signalé Paction inhibitrice des ions oxalate ct maléinate, L’action
des ions oxalate n’est pas influencée par la présence des citrates.
I’action activatrice des ions citrate sur certaines phosphatases acides
a déja été envisagée par différents auteurs [8, 9,16, 11, 12, 131. Les ions -,
oxalate sont des inhibiteurs connus des mémes phosphatases acides
[14, 15]. o i

AnuL-FapL et King (16, 7] ont observé que les ions L(4)tartrate, S~
(risomére dextrogyre naturel) sont des inhibiteurs énergiques de la

“ i e T

% i

(*) Une partie de ce travail a'été p'ré.«;cnlée a la séance du 14 février 1951, . R
. BULL. STE, CHIM. BIOL., 1053, 35, »° T. : . : - o
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phosphatase prostatique et d’autres phosphatases acides animales (.foit.a,
rate). Ces auteurs ont signalé le caractére réversible de cette inhi-
bition, )

‘Dans nos recherches sur les effecteurs des phosphatases acides
{17, 18, 19, 20] nous avons fréquemment en recours a des prép.nrationﬁ
de phosphatase prostatique ; nous avons remarqué les propriétés qui
la rattachent au groupe des phosphatases acides : outre le pH opti-
mum, mécanisme identique d’inhibition par les ions fluor et quclf[ucs
polyacides minéraux (molybdique, tungstique, phoe:.plmmo'lybdl‘quef
phosphotungstique et vanadique). D'autre part, nous avons signalé les
caractéres qui la différencient des autres phosphatases du typ(: I.I par-
ticulicrement de celles d’origine végétale : plus grande scnsnb.lhte a
T'action de certains réactifs des groupements aminés (céténe, acide ni-
treux) [18], champ d’action plus étendu (action sur les_ LTStL‘I'S phos-
phoriques des amino-alcools, hydrolysés d’une fagon minime par les
autres phosphatases acides) 7211,

C'est au cours de nos recherches sur Pinhibition des phosphatases
acides par les ions fluor, en étudiant Tinfluence de ces ions' sur Ia
phosphatase prostatique en fonction du pll, que nous avons été con-
duits a aborder la question du pH optimum de cet enzyme et le role
des ions citrate,

Nous avons estimé. qu’il serait intéressant d'cmrcp'rcndre des' re-
cherches plus approfondies sur le mé‘canisme d’:’l'chon des anions
organiques ; nous pouvons en effet cnvisager que I'étude de ces phé-
noménes poursuivie sur des préparations purifiées de phosphate pros-
tatique pourrait nous aider & élucider les problémes complexes pmzés
par I'action des autres cffecteurs de luAphosphz}tus? ('le.lu E)rnstale. Ces
résultats pouvaient étre susceptibles d'étre généralisés a d’autres 'phos-
phatases acides, D’ailleurs la phosphatase de la pr(_)stutc repreésente
la préparation la plus active de phosphatase acide actucllement
connue. ) ] )

Dans la premiére partie de ce travail, nous pres?ntcrons lc-s résul-
tats obtenus sur ’action activatrice de quelques anions organiques et
plus particuliérement sur celle (la plus importante) des jons citrate.

PARTIE EXPERIMENTALE.

a) Préparations enzymatiques :

1) Phosphatase prostatique : Nous avons.efnployé.des prépara-
tions obtenues par fractionnement au sulfate d ammomum.des a}1t07
lysats de la prostate humaine obtenus selon le Protocole suxva.nt :

Les glandes fraiches sont broyées dans un mélangeur Turmix avec
10 fois leur poids d’une solution de CINa 4 0,9 p. 100 : nous.lmssons a
autolvser pendant 48 heures a la lemp‘érature du laborat.ou'e, _(aprés
addition de quelques gouites de toluéne). A'prés' cientrlfugahon et
filtration sur papier, le liquide clair est fractionné, & 0°, par le sul-
ate d’ammonium. La fraction obtenue, entre 60 et 80 p. 100 de satu-
ration en sulfate d’ammonium, est lavée par une solution de sulfate

BULL. $§TE. CHIM. BfOL., 1953, 35, N° 7,
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d’ammonium 4 80 p. 100 de saturation, redissoute dans 100 em3 d'eau -

bi-distillée, puis le liquide est soumis & une dialyse de longue durée

dans des sacs de cellophane, &4 0°, contre de I'ean bi-distili¢e jusgqu'a
¢limination. compléte de sulfate d’ammonium (réaction négative des -
ions ammonium avec le réactif de NessrLer). La solution enzyma- |

tique cst alors diluée de facon a ce que 1,0 cm? dans les conditions

dccerites plus loin, provoque une hydrolyse de B-glycérophosphate de -
10 4 20 p. 100 en 1 heure, Ces préparations (aprés dilution) fournis- .
sent de 50 & 200 vy de résidu sec par cm® suivant le cas. Elles peuvent

étre conservées & la glacitre sous toluéne sans perte appréciable de
leur activité pendant plusicurs mois, Les fractions preécipitées entre 40
et 60 p. 100 de saturation e¢n sulfate d’ammoniumn entrainent une cer-
taine partie de Pactivité phosphatasique, mais c’est la fraction insolu-
bilisée entre 60 et 80 p, 100 qui présente de beaucoup la plus impor-
tante activité,

2) Aulres phosphalases ucides : Quand nous avous eu incidemment
& comparer lIe comportement de la phosphatase de la prostaie a celui
des autres phosphatases acides, nous avons utilisé les préparations
phosphatasiques suivantes : la phosphatase des graines de la Mou-
tarde-Blanche et celle du son de Blé purifiées selon notre protoucole
habituel, décrit précédemment [17], comme représentants des’ phos-
phatases végétales du type I ; Ia takadiastase de la firme PARKE, Da-
vis et Co. et un macéré de mycellium de PAspergillus Niger pour les
phosphatases du type III (pH opt. 4,0), et enfin les urines matinales
d’homme et de femme soumises & une dialyse de 24 h a la glaciére
comme source des phosphatases unimales du type I

b) Détermination de Pactivité enzymatique ;

Dans la plupart des essais, nous avons utilisé comme substrat le £-
glycérophosphate disodique. Les solutions de ce substrat furent ame-
nées au pH des essais par addition d’acide acétique 2 N. La concen-
tration en substrat dans le milieu était de 0.016 M. Le milieu était
tamponné par 5,0 cm3 d’un tampon acide acétique-acétate de sodium
(concentration en acétate dans le milicu 0,10 M). Pour un grand nom-
bre d’essais en préscnce de certains effecteurs, ce pH était de 4,6,
Yexpérience nous ayant montré qu'a ce pH lactivité de Ienzyme
était encore considérable et P'action de I'effecteur en question plus
manifeste qu’a pH 5,5, ce qui facilitait ’é¢tude du phénoméne. La
quantité de la solution enzymatique ajoutée était de 1,0 cm3, comme

nous Pavons indiqué précédemunent, le volume total de chaque essai

était de 50 cm3, l1a durée d’hydrolyse était de 1 heure a 37° les essais

ayant été amenés A cette température avant addition de I'enzyme, -
Dans les cas o nous avons fait varier certains de ces facteurs, les

nouvelles conditions adoptées pour ces cas seront précisées sur les
Tableaux et les graphiques correspondants. '

c) Courbes d’activité en fonction du pH :

Le substrat (B-glycérophosphate) fut amené aux pH voulus 2 Paide
d’acide acétique 2 N. Comme tampons nous avons employé une gam-

BULL. STE. CHIM. BIOL., 1953, 35, N° 7.
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me de tampons acide.acétique-acétate de sodium 2 M. Pour la zone
de pH 5,5 - 6,5, nous avons utilisé le pouvoir tampon du substrat.
Nous avons tenu compte des variations de la force ionique et, suivant
les recommandations de Lunnguist [6], nous avons maintenu la

- force ionique constante dans tous les essais de chaque sc¢rie en ajou-

tant dans les solutions d’acide acétique qui ont servi pour la pré-
paration des tampons une quantité équimoléculaire de CINa.

Le pH des essais fut controlé a Pélectrode de verre. Pour les cour-
bes en fonction du PH, en présence de citrate, nous avons utilisé des
tampons citrate disodique-acide chlorhydrique et citrate disodique-
soude selon SORENSEN couvrant la rigion de pH 2,5 - 6,5 4 des quan-
tités variables pour maintenir la concentration en citrate constante
sur toute la gamme de pH étudice. Des précautions ont été prises
pour riaintenir ¢galement constante la force ionique.

Les autres conditions étaient celles exposées en (b).

d) Elude de Uaction des effecteurs :

Les solutions des substances pures (acides organiques, sels métalli-
ques ou autres effecteurs) amenées au pH des essais a I'aide d’acide
acétique ou de soude 2 N ont été ajoutées dans le milieu contenant le
substrat et le tampon, avant Uaddition de Penzyme & des quantités
convenables pour obtenir la concentration voulue en effecteur. Dans
certains cas, une incubation préalable de Penzyme avec Peffecteur a
cu lieu. Dans ces cas, ou quand des précautions particuliéres étaient
nécessaires, ces détails sont précisés dans le texte,

A plusieurs reprises, nous avons eu i doser des petites quantités
d’acide citrique (dans des autolysats bruts de la prostate, dans les
préparations phosphatasiques dialysées en présence d’acide citrique),
dans ces cas nous avons employé la microméthode de WEIL-MALHERRE
et Boxe [22] avec de petites modifications de détail a la manipula-
tion. L'¢limination des mutiéres protéiques fut effectuée par le réac-
tif de FoLIN et Wu,

REsuLrars,

Action des ions citrate en fonction du pH. :
La fig. 1 montre Finfluence du pH sur Pactivation de la phosphatase

. de la prostate par les ions citrate. Cette activation, peu considérable

aux environs de pH optimum de 'enzyme (pH 5,6) et 4 des valeurs de
PH supérieures a ce dernier voit croitre son importance au fur et a
mesure que le pH s’abaisse, La phosphatase prostatique montre une
activité considérable dans la région de pH 3,6 - 6,0 tandis qu’'en
Tabsence de citrate Pactivité baisse vite a partir d’'un pH plus acide
que 5,0.

La courbe obtenue en présence de citrate a une forme aplatie dans
la région de pH 3,5 - 6,0, Poptimum (pH 5,54) est peu saillant (le pour-
centage d’hydrolyse du substrat s’éléeve de 13,8 pour un pH 3,6 a 15,1
pour un pH 5,54). Cette courbe ressemble a celle obtenue avec le

_phenylphosphate, sans addition de citrate (fig. 2), substrat pour lequel

BULL. STE. CHIM, BlOL., 1933, 35, N° 7.
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la phosphatase de la prostate a une afﬁuité'plus grande que pour le."'? , -
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d’action (voir également plus loin Tableau 1V),

0 HYDROLYSE 7

ns citrate ont peu - - -

%0 40 50 60 70 viv
F ‘ 2 ‘ .PH e A AL
0. 2. — Action des fons citrate sur I'hydrolyse du phénylphosphate. eq’
tox(x:ction du pH, par la phosphatase de };a prostl:te gngiﬂéel:".fs en .
oncentration en citrate dans le milicu 1 102 : te A
Durée d’hydrolyse : 30 minutes e: el x i
I — Témoins, sans addition de citrate,
II. — Essais en présence de citrate, )
BULL. sT#, GHIM. BIoOL., 1953, 35, n° 7, : T
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P& ailleurs, 1la courbe d’hydrolyse du ﬁ-glycéropl}osphate par la
phosphatase prostatique en fonction” du pH, en présence des ions
citrate rappelle la courbe publi¢e par KurscHER et WGRNER [3] repré-

-sentant la stabilité de la phosphatase prostatique en fonction du pH.

Le taux de l'activation de Penzyme par le citrate a un p_H (‘lm‘.'mé
(surtout pour des valeurs de pH inférieures a pH. 5,0) varie légére-
ment d'une préparation enzymatique a I'autre. Ceci est probablelqcnt
cn relation avec le degré de dénaturation de Penzyme. Nous revien-
drons plus loin sur ce point, o

Le Tableau 1 indique le pourcentage d’activation (4 pH 4,6) par
des concentrations variables en citrate que hous avons f)bservc avec
la plupart de nos préparations purifiées fraichement préparées st‘?lor?
notre protocole opératoire, c’est-a-dire avec des enzymes qui ont subi
le traitement mentionné plus haut (partie expérimentale (a)),

TABLEAU I
ACTION DES IONS CITRATE SUR LA PHOSPHATASE DE LA PROSTATE.

IX10+4

1X10-% IXI0-3 | 1X10-2| IX10-?

Concentration moléculaire en ions
citrate dans le milien

'_Activité relative....... e 110,7 146,2‘177,3 180,0 i157,0

H 4,6. — Protocole des essais : voir partie expérimentale (b): .
es chiffres représentent les activités relatives ; rapport de l'activité de
I'enzyme en présence de 'effecteur & celle du témoin sans effecteur, ce rap-

port étant multipli¢ par 100,

. HYDROLYSE 7
20

S r 0 TN SRR MK TR L T W B

A0 s - 30 40 - 50" 60 70 -
R PR v ~ % PH - L -
Fia. 8, — Action des ions citrate sur Thydrolyse du B—glycéroghosphate;’en

fonction du pH, par un autolysat non purifié de prostate umaing.

Concentration en fons citrate dans le milieu ¢ 1 X 102 M, -
' 1. — Témoins, sans addition de citrate..
IL — Essais avec citrate,

BULL. &TE, CHIM. BIOL., 1953, 35, N° 7.
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On voit que les jons citrate manifestent leur action & partir d’une” . .
faible concentration (10°5M); & la concentration 10-¢M laction est | .
déja considérable la concentration optimale est de 10-2M environ, & -

des concentrations plus fortes (10-1M) Pactivation diminue.

Sur des préparations conservées trop longtemps & la glaciére (plus

d’un an) et qui ont perdu par vicillissement une partie de leur acti-
vité, Paction des ions citrate parait plus forte, Sur des autolysats

Eruts de la prostate, I'action de citrate est moins marquée que sur -

les préparations purifices. Ceci s’explique par le fait que ces autoly-.

sats bruls contiennent de petites quantités d’acide citrique, consti-

tuant naturel de la sécrétion prostatique. :
Nous avons trouvé, dans un autolysat de prostate dilué, une con-
«centration de 8,9 XIO M en acide citrique. g
La Fig. 3 représente I’hydrolyse du B-glycérophosphate en fonction
du pH par un tel autolysat prostatique frais avec et sans addition
de citrate, . '

La courbe obtenue avec I'autolysat sans citrate occupe une posi-.-
tion intermédiaire entre la préparation purifiée sans addition de ci- P

trate (Fig. 1, courbe I) et les 2 courbes presque identiques, obtenues
avec la préparation purifiée ou Pautolysat en présence d’une concen-
tration IX10-2M en citrate (Fig. 1 et 2, courbes II).

Action de divers composés organiques sur la phosphatase
prostatique :

Nous avons recherché si cette action activatrice était spécifique des
ions citrate et quelle pouvait étre la fonction chimique de ce corps
responsable de cette activation. o

Dans ce but, nous avons étudié I'action d’un grand nombre de com-
posés sur I'hydrolyse du B-glycérophosphate par la phosphatase de
la prostate : acides organiques mono- et di-carboxyliques, acides al-
cools, acides possédant d’autres fonctions (thiol, amine, cétone), dé-°
rivés de l'acide citrique (ester diméthylique de Pacide citrique), po-
lyols, oses, '

Le Tableau II montre que, seuls les composés carboxyliques pos-

sédant en outre en g- une fonction alcool, thiol ou cétone, sont capa-
bles de provoquer Vactivation de Yenzyme. C’est ainsi que I'acide

lactique et Pacide a-oxybutyrique agissent mais Pacide B-oxypropio- o

nique et I'acide B-oxybutyrique n’exercent pas d’activation, Yester di-

méthylique de lacide citrique qui différe de Yacide citrique par le " -

fait que 2 des carboxyles sont bloqués par estérification, agit comme
Pacide citrique. Une fonction thiol ou cétone (cette derniére réagis-’
sant probablement sous sa forme énolique) en o confére au produit

le méme pouvoir d’activation sur la phosphatase de la prostate. Les . %

oses et les polyols étudiés n’ont exercé aucune action.

Les acides g-aminés provoquent une légére inhibition et cette ac-"'f'”
tion est due i la fonction amine comme le montrent les essais avec I

monoéthylamine et Phydrazine. Certains acides dicarboxyliques, pos- -

BULL. STE. CHIM. BIOL., 1953, 35, ~° 7. ' - o RS 38
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sédant un nombre pair d’atomes de carbone (oxalique, succinique,
mnaléique) exercent une certaine inhibition.

TABLEAU 1L

ACTION DE CERTAINS ANIONS ORGANIQUES (autres que les citrates)
FT QUELQUES AUTRES SUBSTANCES SUR LA PHOSPHATASE DE 1A PROSTATE.
+ .

"E‘i Nature de l'eﬂecleur' ' ‘::‘t;mi Nature de V'effectenr ‘:e‘;'::l'\“:
égD-malatc L 180,0 {glycolate ............ 160,0
“;D,L malate .......... 85,2 |D-lactate ...... e .. 180,0
’:!ED-tartrate ............ 180,0 b-oxypyopionatc ..... .1 100,0
: L()tartrate ......co.. 4,8 |a-oxybutyrate ........| 175,0
%'D-mucate ......... “.. 173,35 |[B-oxybutyrate ........ 100,0
T I I e IR
HOoxalate .ocevvvevnnen. 70,0 lquinate .............0 172,5
i! Malonate ....... veeee| 100,060 |pyruvate ............ 150,0
‘ Succinate ...........- 84,8 |L-cystéine ....... veel] 1121
§%Muléinate ............ 81,8 [méthylamine ....... .. 83,4
‘ Fumarate _...... e 100,0 |hydrazine ........... 75,9
| Aconinate ........... 100,0 |D-glucose ............ 100,0
Thiomalate .......... 180,0 [DJevulose ...........| 100,0
L-glatamate ........- 87,5 |D-mannitol ..........- 100,0
f,L-aspartate ........... 82,35

pH 4.6. Tampon acétique. Concentration en effectenr dans le milien
1 X 102 M. ‘
Pour le calcul de Pactivité relative, voir Tableau I

Nous étudierons ultérieurement I'action de I'acide L-tartrique.

‘Les ions citrate cependant possédent le pouvoir d’activation sur
‘1la phosphatase & un degré bien plus élevé que tous les autres acides
e-alcools etc., les carboxyles libres sont nécessaires, comme le mon-
trent les expériences, dont les résultats figurent sur le Tableau 111,
. oi1 I'action de quelques acides g-alcools sur Penzyme a été étudiée en

-fonction de la concentration en effecteur. .

A

BLULL. STE. CHIM, BIOL., 1933, 85, »* 7.
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TABLEAUIIL,. . - 2% =
ACTION DE QUELQUES ACIDES ¢-ALCOOLS SUR LA PHOSPHMATASE * .+ * -
DE LA PROSTATE EN FONCTION DE LA CONCENTRATION EN EFFECTEUR. ’ '; o

/4 i Acide -
Concentration moléculaire -
en eflecteur dans le milieu

. . dimétby l-citrique
D-lactique glycolique (es(er-dimémylitgze de
Facide citrique)

1X102 ........ RPN 180,0 160,0 180,0
IX107% ooeeaaill, 107,0 135, 4 127,0
1X104 ...l 102,0 114,7 107,0
3

pH 4,6. Tampon acétique. Substrat : B-glycérophosphate.

Les chiffres représente ivité iv :
ranty Sl p‘ sentent les a‘cuvnes relatives calculées comme pour le

En effet, en comparant les Tableaux I et Il nous pouvons obser-
ver que les acides glycolique et lactique ont peu d’action a des fai-
blcs‘ concentrations, et il en est de méme pour Fester diméthylique
de T'acide citrique, par rapport a Pacide citrique.

250

200

150

!
Y
100

50

A

'y

0 . t T 1 1 S Lio o ‘:“j;

100" 200 300 400 500 . - ... ST
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Fio. 4. — Action des ions citrate sur Paffinité K., de 1 h atase de'Ia" g
prostate pour le B‘glwérophogphaete.a P os!,)hat“é -de .

pH 4,6. I: Essais témoins (sans addition de citrate). o
: Essais effectués en présence de citrate (1 X 10-2 M.

En abscisses "[S]> = Pinverse de la concentration moléculaire en snbstraﬁ,

dans le milieu.

y = linverse de 1a vitesse'de Ihydrolyse enzymatiiqug‘ "

exprimée en mg 4 ibé aci :
Fioe pae minu’ie. ¢ phosphore, libéré sous forme d’acide orthophospho- -

BULL. STE. CHIM, BIOL., 1953, 35, N° 7
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o Cinétique de Ulactivation par les ions citrate :
© "Nous avons étudié plus en détail le mécanisme Qe cette achvat!oén
par les ions citrate. Dans la Fig. 4 sont représentées suivant 'la mb-
thode de présentation de LINEWEAVER et Burk [23], les do‘m'\eeslo >-
tenues en fonction de la concentration en substrat (8-glycérophos-
. phate) avec et sans addition de citrate,

- L . satfinité de
- D’aprés ces expériences, les ions citrate augmentent Paffinite

‘enzy ur le substrat. L’affinité de la phosphatase prostatique
:)Z?l?ixeleﬁ-pg?ycérophosphate 4 pH 4,6, calfulée d’.aprés ce scllcma‘?st
de 47,5 en Pabsence de citrate et de 145,5 en présence d.unc covccn-
‘tration de 1X10-2M en citrate, Avec de fortes concentrah'ons en :s‘ub§-
trat (supéricures a 0,02 M) la vitesse d"hy(.lrolyse en présence de ::1-
trate diminue un peu. Ce fait semble mAdlquer une compemm‘n‘ en-
tre le substrat et l'effecteur pour les memes groupements actifs de

I'enzyme.
0 ACTIVITE RELATIVE

200

100 + I .

PSR SUNNES VNN WS U SO SN S |
o 1 2 3 45 6°7 80910
%3073 [po,]"
—_ des orthophosphates libérés sur la vitesse de I’hydrolyse
: F’?l.us‘ﬁ-glvx:éfxl-g;agiphate parpla phosphatase de la prostate en présence des
o etonss 1éculai thophosphate (PO,)”™ dans
7 : la concentration moléculaire en or 1 A
E’;earl::i?ii?s(pho:phates libérés par ’hydrolyse, soit en fonction du temps (I),
soit en fonction de la concentration en enzyme (I).
En ordonnées : I'activité relative calculée comme sur le Tableau I, par rap-
port 4 des essais témoins sans addition de citrate. L .M
pH 4,6. Concentration en citrate dans le milien : 1 >< 10 .
‘1o Essais en fonction de la durée d’hydrolyse (concentration en enzyme
’ constante). ,
: Essai fonction de la concentration en enzyme (durée d’hydrolyse
n Escs:;xsstsgtc.ogulamité d’enzyme variable : 0,10, 0,50, 1,0, 2,0 cm3 de
préparation enzymatique).

' Les essais effectués en fonction de la durée d’hydrolys,(.a et en fqnc-
" tion de la concentration en enzyme (Fig. 5) montrent qu il existe éga-

lement upe compétition entre les ions citrate et les ions phosphate

KULL. STE. CHIM, BlOL., 1953, 35, n* 7.
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libérés, L'enzyme purifié ne semble pas étre affecté par dé petites, ~°

.

quantités de phosphate. Par contre, ces mémes concentrations en
phosphate diminuent P’activation provoquée par le citrate. L’activa-
tion plus forte 4 de faibles taux d’hydrolyse du substrat (125 p. 100
d’activation a 4,3 p. 100 d’hydrolyse du substrat dans l'essai temoin)

. diminue au fur et & mesure que I'hydrolyse du substrat progresse

(20 p. 1) d’activation seulement quand I'hydrolyse est de 47 p. 100

dans l'essai témoin). L’activation citrique dépend, par ailleurs de la,,.,’.:' —

concentration en enzyme dans le milieu d’hydrolyse,

Action de citrate sur I'hydrolyse des différents substrats :

Le Tableau IV montre que les ions citrate augmentent la vitesse

“d’hydrolyse de tous Jes substrats que nous avons soumis a Paction de

Ia phosphatase de la prostate, mais le taux de Yactivation varie sui-

TABLEAU 1V.

ACTIONS DES I0NS CITRATE SUR L'HYDROLYSE DE DIFFERENTS SUBSTRATS
PAR LA PHOSPHATASE DE LA PROSTATE HUMAINE,

. £ < ,
. | Durée d'hydro-]  Activits |

A Substrat lyse (minutes) relative ‘
f-glycérophosphate. ......... 60 180,0 ig
Phenylphosphate........... 30 -116,1 “'
Morpholinoéthanolphosphate. 15 1206 &

pH 4,6. Concentration en effecteur : 1 X 10-2 M. La durée du contact de
chaque substrat avec Penzyme a été calculée de facon A avoir une hydrolyse
de 10 p. 100 dans les cssais témoins (sans effecteur). Les autres conditions
sont mentionnées dans la partie expérimentale (b).

Activités relatives calculées comme au Tableau I

vant le substrat (pour la méme concentration moléculaire en substrat
¢t le méme pourcentage d’hydrolyse). Ce taux d’activation est en rap-
port avec Paffinité de I'enzyme pour le substrat en question : l'acti-
vation est d’autant plus marquée que 'affinité Ky pour le substrat est
plus faible. )

Action des ions citrate sur d’autres phosphatases acides : - .

La phosphatase de la prostate, bien que la plus sensible a I'action

des ions citrate, n’est pas la seule phosphatase susceptible d'étre ac-

tivée par cet cffecteur. En dehors des phosphatases du type HI (taka:

diastase, Aspergillus niger) dont Yactivation par les citrates a déja été

“éudiée par BAMANN et SALZER [9, 10] et CouRrots [11], les phosphata- ! L

ses acides végétales présentent cette méme propriété bien qua un de- - .

gré beaucoup moins élevé,

Sur le Tableau V, sont comparées les activités de tous ces enzymes

en présence de citrate,

BULL. STE. CHIM. sioL,, 1933, 35, N° 7.
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oYt i . TABLEAU V.
7 <" ACTION DES IONS CITRATE SUR DIVERSES PHOSPHATASES ACIDES.
s - : . Lo c’ . _p
1 iF
B I R pH Concentration | - iv
- - ,4 Origine de I'enzyme de en enzyme rAe‘;:‘:li‘}: ‘
L S : | ressal (p. 100) |
S Vv Takadiastase (Aspergillus oryzae) .| 4,0 0,10 g. . 201,7
" |lAspergillus niger ................| 4,0 10 cm? 145,9
o Moutarde blanche ..........c...| 4,6 | 0,024 110,2
JOC 1Son de BIé ....evveveunnnennnnead 4,6 | 0,02 g 114,3

Durée d’hydrolyse : 24 heures pour tous les essals.
DI . Autres conditions opératoires ; voir partie exgénmentale (b).
| . Activités relatives calculées comme pour le Tableau I.

Pour expliquer la nature de laction des ions citrate sur laffinité

A E "~ dela phosphatase prostatique pour ses substrats et sur la vitesse d’hy-

drolyse de ces substrats, nous avons envisagé deux hypothéses :
,( — Lion citrate serait seit un z activateur vrai » de Penzyme soit
un « anti-inhibiteur », Dans le second cas, il agirait en bloquant un
inhibiteur présent dans le milicu réactionnel ; il y serait apporté soit
par la préparation enzymatique elle-méme, soit par les réactifs (subs-
trat, tampon, etc..).
» L’utilisation de I’eau bi-distillée préparée dans un appareil de verre
"2 . _. pour la préparation de toutes les solutions et de produits. purs « pour
: analyses », et contrélés par nous aussi pour la présence de certains
S " ions devait, en principe permettre d’éliminer cette derniére éventua-
T lité. Restait I'hypothése d’un inhibiteur naturel existant dans les pre-
parations cnzymatiques comme impureté et, comme tels, nous. avons
envisagé des traces d’¢léments métalliques si aisément complexés par
des acides g-alcools et présents d’'une facon presque réguliére dans
les cendres des préparations de phosphatase prostatique.

Nous avons pu -déceler par spectrographie, dans une préparation
purifiée de phosphatase de la prostate, les éléments métalliques sui-
vants :

Che * Mg, Ca, Fe (ce dernier en traces infimes).

) Ces métaux solidement adsorbés sur les protéines et, de ce fait non
,‘ . éliminés par dialyse, entraveraient la formation du complexe enzyme-
.=~ .. -substrat et leur élimination (ou blocage) par le citrate augmenterait
t . - Yaffinité de Penzyme pour le substrat. o

o - Dialyse en présence de citrate :

Pans le but de tenter d’élucider ce probleme : le citrate agit-il

' . . -~comme un activateur de la phosphatase ou comme un anti-inhibiteur

..~ . 7+ en bloquant un inhibiteur présent dans le milieu ?, nous avons cu re-
’ _cours 4 des essais de dialyse. : ' Ce

o

o Des solutions de phosphatase prostatique ont été mélangées a vo-

! - lumes égaux avec du tampon citrique M/10 de pH 4,6 ct les mélanges
prLL. sTE. CHiM. BIOL, 1953, 35, x* 7. - o - ‘
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ont. été d.ialysés 4 43° contre de I'eau bidistilié'é,‘fréqucmmént renpou-
velée, L’élimination des ions citrate a été suivie par la recherche qua-

litative quotidienne et de fréquents microdosages dans le dialysat. La . -
dialyse a été poursuivie encore deux i trois jours aprés que le dia--

lysat ait cess¢ de fournir la réaction des citrates selon la micronie-
thode de WEIL-MaLneERsg et Boxe [21]. Des solutions témoins de phos-
phatase diluées avec le méme volume de tampon acétique de pH 46
ont été soumises a une dialyse de méme durée, ]

Au cours de la dialyse, la préparation restant dans le dialyset'xrfu! L

souvent controlée au point de vue de Dactivité enzymatique, avec

et sans addition de citrate. Sur le Tableau VI sont représentées les -
principales étapes de cette opération. P R

TABLEAU VI,
DIALYSE DE LA PHOSPHATASE DE LA PROSTATE EN PRESENCE DES IONS.

CITRATE. ‘
A8 c Vi s £
Co?centration ) Activité en :
molécnlaire en{llecherche des . résence coren 1
Durée de la | ions citrate ions citrate s pioi:fncci‘t,r:&s Activits !
dialyse (jours)|dans la prépa-| dans le [ACUVIL (1)ly qoang™ gon ol relative |
raliou enzyma- dialysat . le miliey @ i
tique d'hydrolyse (3) : :
0 1446,6 2598,8 179,6
3x<10-2 2339,0 —_— —
18 6,2><10+4 + 1931,9 2601,6 134,7
40 2,85><10- — 1907,0 2584,0 133,4
(1) v de phosphore minéral libéré sous forme d’acide orthophosphori-
gll::: par rtn'g.d'azotc ttot?l ett par minute dans les conditions stag.dars'pré-
iées antérieuremen artic expéri tal .
Mrexesdamt paaronen 10%. ¢ expérimentale (b)]. Hydrolyse du substrat
(2) Calculée comme sur le Tableau I.

.La p}us gran.dg partie des citrates est éliminée au cours des pre- -
-miers jours,_L’ehmmation devient ensuite de plus en plus lente, Une -
petite quantité persiste dans le milieu et elle n’est éliminée yue trés .

lentement. Une certaine proportion demeure toujours liéc & la pré-

paration enzymatique, méme aprés 46 jours de dialyse lorsque le dia- °
lysat concentré n’a plus.fourni, depuis plusieurs jours, la réaction de

I'acide citrique.

» T e . . . . ‘ - !
L’activité de la solution enzymatique dialysée en présence des ci- .

trates baisse au fur et & mesure que le citrate est éliminé du milieu ct

l’.etnz%'me peut étre réactivé par addition d’une nouvelle quantité de
_citrate, e .

Ceci prouverait que les citrates m’agissent pas seulement en élimi- -

nant un inhibiteur présent dans le milieu. En effet le pourcentage
d’activation par une nouvelle quantité de citrate dépend de la durge
de la dialyse, c’est-d-dire de la quantité de’citrate encore présent
BrLL. STE, CHIM. BIoL., 1953, 35, x° 7. ‘ C
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A Concentration moléculaire en effecteur dans le milieu ‘
pH . Citrate
FNa
: {1y 0 2<10-4 1103 1><10-2
2><10-4 28,5 — — 40,5
3,6

d 110 4,3 — — 5,5
. R 36,4 65,5 92,5
i ’ 110 0,0 = — 34,1
2><10+¢ 66,7 — — . 98,8
5,6 5104 8,2 — — 93,7
' 110~ 5,9 —-— — 86,4

C. ANAGNOSTOPOULOS.

dans le liquide soumis A la dialyse. Néanmoins, P'activité de I'enzyme
dialysé en- présence de citrate ne redescend jamais jusqu'a la va-
leur initiale de I'activité de la phosphatase (c’est-a-dire avant Paddi-
tion de citrate). Une certaine activation persiste méme aprés une
dialyse trés prolongée (44 p. 100 environ d’activation aprés 40 jours
de dialyse). Il parait logique d’attribuer cette activation aux petites
quantilés de citrate (2,85 x 105 M dans la préparation dialysée pen-
dant 40 jours) qui ne franchissent pas la membrane et paraissent étre
liées & T'enzyme. 11 convient cependant de signaler qu'une pré-
paration de phosphatase prostatique purifiée, et ne contenant donc
pas de citrate méme a I'état de traces, mise en présence d’une quan-
tité de citrate deux fois supéricure a celle trouvée dans los prépara-
tions longuement dialysées (ajoutée dans le milieu d’hydrolvse ou in-
cubée avec l'enzyme pendant 8 jours a la glaciere) n'a été activée
que de 6,5 p. 100. 11 est bien possible que Penzyme dialysé avant subi
un long contact avec une quantité trés importante de citrate, a fixé
une petite quantité de cet ion, qui est solidement fixée sur Penzyme
et facilite la liaison avec le substrat.

TABLEAU VIIL

INFLUENCE DES 10NS CITRATE SUR L’INHIBITION DE LA PHOSPHATASE
DE LA PROSTATE PAR LES IONS FLUOR.

Ces expériences (comme celles de 1a Fig. 6) ont été effectuées sans addition

- *de tampon ; Pinhibition par les ions fluor (2 la concentration de 2 X 10-¢ M)
“étant beaucoup plus importante en présence d’'une forte concentration en
ions dans le milicu, les jons citrate possédant la faculté d’abolir I'inhibition-

au méme degré dans les deux cas. Les solutions du substrat et d’acide citri-
que ont été umenées au pH voulu par addition de CH,COOH 2N ou OHNa 2 N.
Les autres conditions opératoires sont celles décrites dans la partie expéri-
neentale (by. L'hydrolyse du substrat me dépassait pas 15 p. 105’. Les chiffres
représentent les aclivités relatives calculf

celies en abisence d'ions citrate (1) par rapport 4 des témoins ne contenant
pas de cilrate ; celles des autres colonnes par rapport & des essais témoins

- contenant du eitrate,

EULL. 5TE. CHIM. BIOL., 1953, 85, n® 7.’

:

es comme pour le Tableau I ; -

s

Influence des cilrates sur Uinhibition de ‘Ia phosphatase . R

par les fluorures :
.L.c.Tableau VII montre
hibition d? la phosphatase de Ja prostate provoquée pPar de faibles

faut qu'ils existent en grand excés : le ra
que doit étre égal 4 1 : 3. Enfin cett
lieu.

La figure 6 montre un e¢xemple de
phosphatase prostatique en fonction
‘sence des jons citrate,

pport fluorure/acide citri-

Paction des ions fluor sur la
u pH, en présence et en Pab-

Activite rg/sh've

100

35 40 45 50 55 60 65 7o P A

F16. 6. -— Action des ions citrate sar Pinhibition de 1
prostate par les ions fluor en fonction du p
Coucentration en effecteurs : FNa.: 2 x 10-+ M.

. Citrate : 1 x 10-2 M.
I. Essais sans citrate, ’

1I. Essais avec addition de citrate,

Les activités relatives sont calculées comme mentionné sur le Tab!e;u 17; Conar

En I'absence de citrate, p

fluor, Yinhibition a une valeur stable pour t ;.

inféricurse g1 p 'outes les'\aleurs de PH
Au-dela de ce pH (4,5), Pinhibition de I'enzyme décroit pr i

vement. Les ions citrate n'exercent d’autre : { loor ne.

tion sur Pinhibition fluorée qu’a des yal

eurs de pH supérieures § 4,5,
BULL. sT£: cHiM. BIOL., 1953, 35 x* 7. ‘ ' C :
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que les jons citrate peuvent soit abolir Iin.

Pleinement cette action, il

¢ action dépend du pH du mj-

a pllliosphataae de la

our une concentration donnée en jons- ;.

part, pleinement leur ac- -




_Pour des valeurs moins élev

~.

. lLexistence .de plusieurs carboxyles dans

590 ) o C. ANAGNOSTOPOULOS.

ées que ce pH, l'action des citrates de-

vient de plus en plus faible et Pinhibition fluorée s’approche de la

valeur obtenue en I'absence de citrate. . o
Cette action est spécifique des ions citrate et pou'rrall étre ’att.nbue_e
a Pexistence de plusicurs carboxyles dans la molécule de Pacide ci-

i i .alcools etc... qui activent la phosphatase,
trique, des autres acides g-a q o ey,

un certain nombre n’exerce pas du tout cette .ncti‘on' sur .1’1 ibition
fluorée et les autres 'exercent mais & un degre tres mfene\tr a ul‘\fx
de Pacide citrique ; le blocage de. deu:_c (!es carboxy.les de lacutle ((i}-
trique (ester diméthylique de I'acide citrique) entraine une forte IT

minution de cette action (Tableau VIID.

TABLEAU VIIL

. ' e
IXNFLUENCE DE DIFFI::RENTS ANIONS ORGANIQUES SUR LINHIBITION

DE LA PHOSPHATASE DE LA PROSTATE PAR LES JONS FLUOR.
B <

TR ‘ Colnqentratgon n'nloléc;j
; P ati aire ©n 1oas ! uor
! : . Cﬁ:locl(él::hr];‘il&n dans le milieu
Nature de U'anion organique !eu anion orga-
| | nique 2x10- | 110
! |
AUCUN +...oovovconnns — 36,4 0,0
Citrate.............-. <102 92,5 34,1
i - -
iD-malate.....occaneens 1<10-3 41,7
D-malate. .......o.o.nt 1:<10- 48,4 -
H
%Diméthyl-citrate ....... 1<10-2 56,0 0,0
| - -
JAconitate ............. 1<10-2 36,4 0,0
\Lactate. .......... o i< | 364 0,0
]

pH 4,6. Sans addition de tampon.
Conditions expérimentales décrites d:
chiffres représentent les activités relatives calcu

la partie expérimentale (b). Les
e b lées co‘r’nme au Tableau I.

Les citrates n'influencent pas linhibition des phosphatases veégé

..~ tales par les ions fluor.

DISCUSSION GENERALE DES RESULTATS.

iNo'us- avons discuté plus haut, 2 propos de chaque tableau ou figure,

"¢~ Jes faits apportés par ces expériences. De ’ensemble de ces :résul-

E tats, les faits suivants se dégagent :

i i iS¢ - fonction alcool, thiol
+ 1) Les acides organiques possédant en a- une ,
_ou cétone, augmentent Vaffinité de la phosphatase de la prostate hu-

' i i bstrats.
i le certaines autres phosphatases acides) pour ses su
Tresistence o la molécule accentue cette

BULL. STE. CHIM. BIOL., 1953, 35, k* 7.

o
»
3
A}
’

propriété des acides g-alcools etc... et Pacide citrique avec ses 3 car-
boxyles se montre le plus efficace de tous les acides étudiés. Cette ac-
tion est probablement, pour une grande partie, une action anti-inhi-’
bitrice : élimination d’un inhibiteur présent, & I'état de traces, duns
les préparations enzymatiques méme les plus purifiées qui serait en
partie libre dans le milieu (dissocié et susceptible d’étre éliminé par
dialysc en présence des ions citrate) ¢t en partie solidement fixé sur
I'enzyme ou méme faisant partie de la molécule enzymatique. Nous
ne pouvons pas encore nous prononcer sur la nature de cet inhibi-
teur. Les éléments métalliques (Ca, Mg, Fe) présents en quantités mi-
nimes dans les cendres des préparations enzymatiques utilisées peu-
vent probablement étre la cause de ce phénoméne.

2) Les essais cffectués sur des préparations purifiées de phospha-
tase dec la prostate en utilisant le phénylphosphate comme substrat et
les essais avec d’autres substrats en présence des ions citrate met-
tent en évidence le fait que cet enzyvme présente une activité dans
une zone de pH plutét étendue (pH 3,6 — 6,2) ; avec un optimum
trés peu prononcé (vers pH 5,54).

Ce fait est intéressant du point de vue de Paction physiologique de
Ia phosphatase de la prostate. Cette phosphatase peut étre particulie-
rement active dans le milieu vaginal et subir sans diminution appré-
ciable de son activité les variations de pH de ce milieu (pH 4,0 — 5,6)
‘comme Pavaient précédemment signalé KurscHer et WORNER (3], &
propos de leurs essais sur P'inactivation thermique de l'enzyme en
fonction du pH. La présence de quantités importantes de citrate dans
lIe sperme garantit la stabilité et Pactivité de Penzyme dans cette zone
de pH.

3) L’action des ions citrate sur I'inhibition de la phosphatase de la
prostate par les ions fluor mérite d'étre discutée plus en détail. Nous
ne pouvons pas cncore affirmer qu’il existe ou non une relation entre
Paction activatrice ou anti-inhibitrice des ions citrate et leur pou-

voir d’abolir (ou de diminuer, suivant le cas) linhibition provoquée .

par les fluorures. Nous avons pourtant indiqué que les ions citrate
sont les seuls, parmi les anions organiques étudiés, a posséder ce
pouvoir 4 un degré élevé, .

D’autre part, I'existence de plusieurs carboxyles dans la molécule
de Pacide citrique semble étre la cause de cet état de choses. Les au-
tres acides g-alcools etc... ont peu d’action sur Pinhibition fluorée.

Le citrate est, nous I'avons déja vu, I'ion qui posséde, parmi tous:
les anions étudiés, au plus haut degré le pouvoir activateur ou anti-

inhibiteur sur la phosphatase. 11 se pourrait bien que les ions fluor

forment avec Pinhibiteur contenu dans le milieu, un complexe qui a .
un pouvoir inhibiteur plus élevé que les ions fluor seuls. Les ions ci-
trate en se combinant 4 I'inhibiteur et en 'éliminant du milieu ré. -

duiraicent Vinhibition de 'enzyme par les ions fluor a sa valeur vraie :

combinaison enzyme + fluorure et non plus enzyme + inhibiteur + :
fluorure. L’inhibiteur inconnu aurait plus d’affinité pour les ions fluor ./

que pour les jons citrate, comme on peut s’en rendre compte du fait

BULL. STE. CHIM,. BIOL., 1953, 35, n° 7.
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qu’il faut toujours un grand excés de citrate pour abolir (ou dimi-
nuer) 'inhibition exercée par les ions fluor. e

La courbe T de la figure 6 représenterait la dissociation en fonction
du pH du complexe enzyme + fluorure (ou enzyme + inhibiteur
fluorure) ou celle du complexe fluorure + inhibiteur inconnu.

Un fait intéressant est que Ia valeur de PH a partir de laquelle Yin-
hibition exercée par les ions fluor commence 4 diminuer (sans addi-
tion de citrate) est le pH 4.4, ce qui correspond a la valeur trouvée
par Kurscuer et Pany [4] pour le point isoélectrique de I'enzyme
prostatique.

Ce fait signifierait que si la courbe représente la dissociation du
complexe enzyme 4 fluorure en fonction du pH, ce complexe est
plus stable du cété acide du point isoélectrique de Penzvme,

L'inhibition par les ions fluor a une valeur fixe pour chaque con-
ceniration en jons fluor pour -toutes les valeurs de pH plus acides
4ue Ie point isoélectrique de la phosphatase. A partir de ce pH, le
complexe commence a se dissocier et Pinhibition diminue. Clest le
contraire pour les ions citrate : la combinaison ecitrate -4 inhibiteur
inconnu ou citrate + enzyme (ui protége la phosphatase des ions
fluor, est plus stable du cété alcalin de cette méme valeur de pH
(pH 44 — 45) ; pour des valeurs de PH plus acides, cette combi-
naison sc dissocie et les jons citrate sont de moins en moins effica-
ces pour la protection de Yenzyme contre les jons fluor. Or, nos e¢x-
périences de dialyse de la phosphatase de la prostate en présence de
citrale, exposées plus haut, tendent a prouver que Pinhibitcur natu-
rel (probablement un ion métallique) est peu dissociable et semble
faire partie de la molécule enzymatique. Cet inhibiteur génerait la
combinaison enzyme — substrat et ceci aurait lieu surtout du coté
acide du pH optimum de Yenzyme, La combinaison des ions fluor a
cel inhibiteur interdirait Paceés de Penzyme au substrat,

I1 faudryit admettre que les ions citrate complexent cet inhibiteur
sur la surface de Penzyme et, simultanément, et d’une facon indé-
pendante, favorisent la formation de la combinaison cnzyme-substrat.
Ceci expliquerait I'action activatrice (ou anti-inhibitrice) des ions
citrate et en méme temps leur effet dans le cas de Pinhibition fluorée.

Il existerait une compétition entre les jons citrate et Jes ions fluor
qui serait influencée par le pH et les concentrations relatives en ions

o citrate et en ions fluor,

Nous désirons remercier MM les Professeurs P. FLEURY et J. E,
CovRTOIS pour Pintérét qu’ils ont porté a ce travail.

RESUME, -

1) L’action de nombreux anions organiques a été étudiée sur la
- phosphatase de la prostate humaine purifiée. Les acides possédant en
¢- une fonction alcool, thiol ou cétone, augmentent Paffinité de cet
enzyme pour ses substrats. Les jons citrate présentent cette action a
© .un degré plus élevé que les autres ions étudiés. T

BULL. STE. CHIM. BIOL., 1953, 35, N* 7,
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L’activation est plus manifeste du coté acide du

_ Phosphatase, La courbe de Paffinité de Penzyme en fonction du pH 4
s ?:

2) Les ions citrate ont en plus le ir d’abolir I’ :
, pouveir d’abolir Pinhibit;
:Ienzymlcl bar des faibles concentrations des jons fluor o o de
uer celle provoquée par de fortes concentrations -
action est fonction du pH. attons du me

et de dimi-

(Centre national de lu Recherche scientifi . ;
re natior / entifique et Lab toi .
de Chimie biologique de lq Faculté de Pllmqrmacie Parin)
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On the metabolic acetylations.
By Hcikki Suomalainen and Olavi Kinnunen.

Dcp.ulmcnt of Biochemistry, Alcohol Research Laboratory, and
Department of Medical Chemistry, University of Helsinki, Helsinki.

(-Recci\'cd 23rd September 1916.)

Introduction.

The metabolic acetylation of amino groups foreign to the organism,
particularly of qlvldmmos is a well-established fact. This reaction has
gained importance especially because the bacteriostatic action of the
sulphonamides has been shown Lo depend upon the biochemical displacem-
ent between sulphonamides and p-aminobenzoic acid (cf. only 46).
The acetylation thus plays an essential réle in the inactivation of sulphon-
amides. The extent of acetylation, as well as certain toxic symptoms in
the clinical use of the sulphonamides, also indicate that acetylation may
be associated with certain central physiological functions of the organ-
ism. Thus, James (27) suggests that the injurious effects of sulphanil-
amide and sulphapyridine may be due chiefly to the sudden withdrawal
from the body of acetyl-precursors in an attempt to detoxicate the drug
by synthesis. The administration of acctylsulplnmlam1de as such would
not make this sudden demand but may well be injurious in other ways.

Synthesis of citric acid is one of the most fundamental physiological
functions of the living organism. Recently, Martius (539) has modified
the conception of the mechanism of citric acid formation which he had
advanced, together with Knoop, some time carlier (for review cf. 58).

According to This view, citric acid would not he formed through a ketol

condensation from pyruvic and oxalacetic acids, hut the first phase of

the synthesis would be a dehydrogenation of pyruvic acid, followed by
decarboxylation. The ketene-lype radical produced would then, coupling
with oxalacetic acid, give rise lo the formation of citric acid. Martius
suggests that this dehydrogenation should in every case be regarded
as the first phase in the dissimilation of pyruvic acid in organism. In the
same conneclion he therefore refers to the possibility that this radical,
functioning in the citric acid synthesis, might play an active part also
in the formatxon of diacetyl (acetylm *th)lmr binol) and in the acetylat-

- ion reactions.
The réle of diphosphothiamine in thc dehydrooenatxon of pyruvic




Place in vitro as well as in vivo.» (Cf. pag. 317.)
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acid has become apparent already from Lipmann’s work. It is truc that
he assumed the action of diphosphothiamine in this case to he associated
with the reversible reduction-oxidation of the molecule, a view which,
however, was proved to be untenable by the experiinents of Stern and Mel-
nick (75; cf. also 1) The problem now seems to have received its solut-
jon by the recent work of Myrbick et al. (62). By showing that diphos-
phothiaminc occurs in vivo also oxidized Lo disulphide, as diphosphothi-
amine-SS, Lhey could prove that a redox-system of the well-known type
like cysteine-cystine or GSIH-GSSG is indeed possible with thiamine,
as suggested already by Zima el al. (87) with regard to the animal or-
ganism.? ' :

Concerning the formation of diacetyl (acetylmethylearbinol) we have
carlier shown (Suomalainen and Jinnes 18) that a radical acting like a
ketene most probably exists in pivo and that its formation is evidently
catalyzed by the diphosphothiamine-SS redox-system of Myrbick. Since

. Marlius’ own investigations already suggest that this radical functions
in the formation of citric acid, we have made an attempt here to ascertain
its réle in the acetylations occurring in the living organism. If such
réle can be established, then these three processes — piz. format-
ion of citric acid, diacetyl (with homologues) and of acet-
ylamines — would, in fact, bhe merely different manifestat-
ions of the same reaction system: the metabolic acetylat-
ion. The course of the reaction would then be largely
determined by the component which acts as an acceptor,
whether oxalacetic acid, (acet)aldehyde or (aryl)amine.

In regard to acetylation this assumption becomes increasingly probable
in view of certain purely chemical model reactions. Thus, pyruvic acid
has been shown to acetylate choline in vitro in the presence of an
oxidizing agent (1). And synthetic ketene has heen used for acetyla-
tion in several instances, recently even on an industrial scale. As Cahill and
Burfon (13) state: '

Although it reacts with water to formn acetic acid, ketene combines preferentially
With the a-amino group of an amino acid dissolved in water, and it was shown by
Bergmann and Stern that amino acids may be conveniently acctylated with this
reagent. Because of the simplicity and effectivencss of the reaction, ketene has also
been used to acetylate such physiologically active proteins as pepsin and insulin.»,

! Morcover, Karrer el al. (31) have reccently shown that thiamine by reduction
with sodium dithionite does not form a dihydroderivative but is reductively split
with the liberation of 4-methyl-5-oxyethyl-thiazole.

* The fact that, according to Karrer and Viscontini (32), diphosphothiamine di-
sulphide is inactive as cocarboxylase, does not exclude the possibility ‘that it
functions in the dehydrogenation of pyruvic acid. — The cocarboxylase effect
of the thiol form of diphosphothiamine should be noted as an interesting feature

3 It is very interesting that — as reported quite recently by Nath and Brah-
machari (63) — »the intermediary fat metabolism products, particularly the keto-
acids and csters [pyruvic acid and acetoacetic acid], are responsible for causing
partial or complete inactivation of insulin and sometimes give rise to what is known
as ‘insulin-refractory’ cases. It has further been shown that such inactivation takes
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In addition, Fishman and Cohn's (20) work with D,0, and Bernhard
and Steinhauser’s (8) as well as Bloch and Borek's (8 a) with deuterio-
acetic acid, suggest that the acelylation of amino acids in organism
also follows, at least partly, the same course as that of arylamines.

The acelylation of sulphonamides will be discussed by one of us in
anolher publication (Kinnunen 31), from which the following experi-
mental results are taken. :

Experimental.

Eliect of thiamine on the acetylution of arylamines in vivo.

In some in vilro-cxperiments with rabbit liver, carried out last winter
(1945 -106), the acetylating power of the preparations was found to be

“surprisingly low (Kinnunen). Since, in view of what is stated above,

this could be assumed to be a result of a thiamin deficiency in the diet
of the animals, the effect of BBy-injections on the acetylation of sulpha-
pyridine in pivo was studied with animals on a corresponding diet.

It has long been known that the acetylating power varies greatly in
different individuals. Thus, Klein and J1 arris (35) and Martin et al. (37)
have paid atlention to this phenomenon also in regard to sulphonamides
without, however, being able to find an explanation for it. That thiamine
might be associated with acetylation has, it is true, been suggested
earlier (28), and lately Muartin and Rennebaum (36) have also found
that acetylation of sulphanilamide is »defective in rats with thiamin or
riboflavin deficiency». Lipmann (32) has also recently established in-
creased acelylation by addition of cocarboxylase, in liver preparations
of thiamine deficient pigeons. He interpretes this, however, so that
sin the thiamine-deficient system the process of conjugation rather than
the availability of the acetyl group is inhibited». :

" Rabbits were kept on a diet consisting chiefly of oats and hay. 0.5 g of sulpha-
pyridine powder was administered daily with the food. In order to explain the effect
of thiamine, daily 23 mgs thiamine hydrochloride (»Medica») were injected sub-
cutaneously in part of the animals. — It may be noted that the diphosphothiamine
content of an avitaminotic organism has been found to attain its normal level re-
markably rapidly — inless than half an hour — after injection of thiamine (64, 83).

The urine of two aniials was collected jointly. Acetylated and total sulphapyridine
were determined on the combined sample by Kimmig’s (33) modification of the
thymol method.

Table 1 shows the results of an experiment with four rabbits, two of which were
given thiamine injections. The initial acetylating power of all the animals was on

the same level.

Table 1. Effect of thiamine on the acetylation of sulphapyridine in rabbits in vivo.

Acetylated sulphapyridine, % of total
st | 2nd | 3rd 4th 5th 6th | . 7th 8th
, day | day | day | day | day day | day | day
4, . .
. Controls.......cceee-- 300 | 29.0 | 30.8 | 143} 124 | 19.0 | 2753 | 11.1
.By-injected. . ....nnn 50.2 | 50.0 | 68.4 | 50.0 | 59.7 | 80.0 [ 69.4 | 76.2
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Aeccetylation of arylamines as g branch of t(he metaholie aeetylation.

It was mentioned ahove that acetylation of arylamines may he re-
garded as a branch of metabolic acetylation. On this assumption it
could be expected that the addition of other acceptors of the acclylating
component would have a decreasing effect on acetylation of amines.
Thus, acetaldehyde would he expected to function primarily, not as
an acetylating compound, hut as an acceptor, which is converted into
diacelyl and further into acetylmethylearbinol. Furthermore, Green et
al. (21) have shown that propionaldehyde is converted into propionyl-
methylearbinol (or its isomer acetylethylearbinol) by an -enzyme pre-
paration from pig heart. That an addition of acctaldehyde does not,
in fact, increase the acetylation of arylamines is evident already from
Hensel's (25) work. It may be mentioned as an interesting feature jin

this connection that acctaldchyde, in contrast to Pyruvic acid (69),

does not increase the yield of citric acid cither — as shown by Simola
et al. (for review cf. 22). '

It naturally. follows that also oxalacetic acid, as precursor of the
tricarboxylic acid cycle, would function analogously as acceptor to the
acetylating component. For practical reason we have employed in our
experiments, instead of oxalacetic acid, its precursor malic acid, an
addition of which, especially together with pyruvic acid, was found
by Simola et ql. (for review cf. 22) to increase strongly the formation
T citric acid in pitro. o : : ' :

The in Picro-experiments- with rabbit liver were carried out mainly according to
Klein and Harris (35). : ‘ ‘

3 g (fresh weight) of minced rabbit liver was added into 17 ml Ringer-bicarbonate
solution containing 0.2 per cent glucose and 2 mg sulphapyridine. The substance
to be tested was present equimeolar to sulphapyridine, the acetylating substrate
again having a 10-fold molar conecntration.

Oxygen and nitrogen were used without a CO,-admixture; the nitrogen was freed
from traces of oxygen by yellow phosphorus.

A detailed report of the experimental methods will be published clsewhere (34).

The ratio of acetylated to total sulphapyridine was determined after finished
experiment from the trichloroacetic acid filtrate as above.

The results of one series of experiments are given in Table 2.

Table 2. Thy oftoct of substances, acting as acceptors to the acetylating component,
on the acetylation of sulphapyridine by rabbit liver acrobically in vitre,

Acetylated sulphapyridine,
Substrate Added substance % of total

1 bhr , 2 hrs 4 hrs

Control................. — 16.2 18.4 28.1
Sodium acetate......... : T = 18.9 | 23.% 34.2
, *  .....i...] Acctaldchyde | 117 15.4 25.0
» L., « ool Sodium malate 8.9 18.3 26.1
» pyruvate........ — 17.9 21.2 27.5
» R «+] Acctaldehyde 140 19,2 . 23.a
* ’ Ceereaan Sodium malate 11.0 16.2 . 20.0
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An analogous series of experimen

ts (Fable 3) again shows that addition
of sulphapyridine has an inhibiting effect on the form

ation of citric acid.
the trichloroacetic acid filtrate according 1o

Citrie acid was determined . from
. atso 42).

Pucher, Sherinan and Vickery (66; cf
Tatle o. Vffect of sulphapyridine on citric acid formation by rabbit liver
’ aerobically in vilro.

) ' Citric acid, y per 1 8 ‘
Substrate Added substance (fresh weight) ;
] ]
15 mins | 30 mins l! 0 mins
Control...oocvenns eaees - 40 31 31
Sodium pyruvate........ . - 94 72 45
) P eeeeeans Sulphapyridine G2 45 40

‘The inhibiting effect of aldchydes again seems to be due — not to
the dccepting of the acetylating component, with the formation of

diacetyl or homologucs -— but to the well-known in vitro-reaction

petween arvlamines and aldehydes, i.e. to the formation of Schiff’s

bases:
R~ CHO + ILN - Ar —— R-CH:N-Ar + H,0.
v. Euler el al. (17) in regard to

‘This possibility has been proposed by
another conncction.

yeast. We shall revert to this problem in

ceeptance of hydrogen on anacrohie acetylation.

\We have assumed above that the function of Myrbdck’s diphospho-
thiamine-SS redox-system would be a prerequisite to the formation of
the acetylating component from the carbohydrate derivatives. This
assumption is in agreement with the fact that acrobicity favours the
acetylation process — and also the citric acid formation. Thus, Klein
and Harris (33), who, indeed, regard acctate as the acetylating compon-
ent, write: '

,There is little anacrobic acctylation compare
The addition of acetate causes a very m

The influence of a

d with the acetylation in acrobic
arked increase in the extent of the

The decrease in acetylation under anacrobic conditions

anacrobic inhibition of acctate formation.e

controls.
anacrobic conversion. ...
is. therefore, mainly duce to the
cd that substrates like pyruvic acid and
s may f[unction as hydrogen acceplors,
would acetylate relatively more strongly under anacrobic conditions
than acrobically, in comparison to substrates which, like acetic acid,
cannot accept hydrogen. TFrom this standpoint it is interesting to note
Klein and Iarris’ veport that spyruvate and acclaldehyde give [relat-
ively] good offects anaerobically», although their interpretation of the

question is hardly the right one.

oblem parallel experiments on the acctylation
gen atmospheres. Results

It would therefore be expect
acctaldehyde, which themselve

In order to shed light on this pr
_of sulphapyridine in vitro were made in oxygen and nitro
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This experiment was analogous

of an anacrobie experiment’ are given in Table 4.
to the one illustrateq by Table 2, .

Table 4, Acelylation of sulphapyiidine by rabbhit liver . : .
dnacrobically vilro, '

A T

v.-\('('tylnlod sulphnpyridinc,’

. oy
Substrate % of total .
\\ ~- ~ B ',i
! 1 hr- f 2 hrs 1 4 hrs ; &
_— , . it
‘ . _ .
Control. ... . . e 12,0 12,7 15.0 D
Sodium acctate. . | .. 139 15.0 1 169 ‘)
' Dyruvate, ... . - 167 ) 189 21.7 L ;
1

Acetaldehyde \\'hich'distincu_\' inhibited aerobic :’u-ctylation, also when added
alone, caused in thiy anacrobic experiment an equally extensive acctylation ag
acelate; sulphapy ridine acetylated 165 % in 4 hrs,

Discussion,

It should he horne in mind that thiamine scems to play an important
réle also in the citric acid synthesis, as Suggested by Simolq's school ;
already in 1939 (23; of. also 70). This view has later received con- i
firmation from different (uarters (72, 3, ).

Knoop and Martiys original assumption that the condensation of ;
Pyruvic and oxalacetic acids is the primary phase jn the tricarboxylic i
acid cycle, has heen included also in the ewest modification of the

Krebs' cycle (39). However, it s difficult to interprete the established S
Iéle of thiamine in the citric acid synthesis on the hasis of this assumpt- I‘ !

ion. Thus, Kreps (11, 38; ef. also 71) supports his view of the réle of I}

thiamine solely by its catalytic influence op the carboxylation of pyruvic -
acid into oxalacetic acid. However, this assumption cannot explain / 2.’;:
satisfactorily the fact that the dissimilation of pyruvic acid hag been i R
found to proceed at a much higher rate in the presence of O, thap jp 1

its absence (2, 41). The carboxylation of pyruvic acid ought to proceeq
anaerobically as wel] g acrobically and “the condensation to the
tricarboxylic acid stage should likewise be possible alse anacrobically.,
It is further interesting to note that, according to Werkman of al. (36,
30; cf. also 81), the ehzyme preparation whicl catalyzes the formation
of oxalacetate from byruvate and hicarbonate . also under anacrobic
conditions -— requires the addition of manganese salts hut not cocar-
boxylase or inorganic phosphate. _

Krebs’ assumption has heep subjected to criticism also by Barron’s
school (5). They point out in particular that - according 1o the theory
of Krebs — the utilization of Pyruvate in the presence of malate ought
to be independent of the presence of thiamine, since the product of -
thiamine catalysis, oxalacetate, was already supplied. In the presence
of pyruvate ang malate addition of thiamine to the kidney of
avitaminotic rats called, however, g 7-fold increase in the utilization
of pyruvate 3). .

On the basis of Myrbiick's diphosphothiaminc—SS redox-system the
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decisive role of Lhiamine in the
hand, receive its natural explana

citric acid syut.hcsis would, on the other
ton in the radical theory of Martius.
ars has shown, however, that citric
acid cannot be an inlermediate in ihe tricarboxylic acid cycle, which
view is slill held by Marlius. ‘I'hus, already Sonderhoff and Thomas (713)
found that dissimilation of (D4 - COOI with yeast leads to succinic
acid 1100C - CH, - CD, - COOIL Evans, Jr. and Slolin (19), on one

hand, and Wood ¢l al. (86), on the other, have shown that the modi-
fications of the »physiological» oxalacelic acid, 1100C - CO - CHg - uCoOH
and 1100C - CO - Cl1, - 13COOL, lead to a-ketoglutaric acid containing
the isotopic carbon entirely in the carboxyl proximal to the keto group
(cf. also 12). These findings inevilably lead to the conclusion that the
primary scondensation» product must have an unsymmetrical molecular
structure »for, if a-ketoglutarate was derived from a symmetrical mole-
cule, the fixed carbon would be equally distributed in the two carboxyl
groups» (86). Wood ¢t al. propose the following scheme in the case of 1*C:

COOH
co . " co, CO,
cHy COOH + _ +

+  co  COOH COOH  COOH
OoH — H,0 (.:H2 0 (.:H._, + H,0 (.‘,H2 — 24 (-:H2

S A, s iy .
C-COOH C-COOH C-COOH  HC-COOH  HCH
S & e HOCH 0;:
1wCOOH  1COOH 19COOH 19COOH '19CO0H

as a primary intermediate, current

Citric acid being thus out of question
further convert

theories are in favour of cis-aconilic acid which may
into citric acid or — directly — into isocitric acid.
According to Marlius the fusion of the ketene radical with oxalacetic
acid ought to lead to the formation of citric acid lactone. But, in our
opinion, the fusion may be able to produce cis-aconitic acid directly:

C:0

I
CH, ‘ '

+ : COOH
OH -~ CH,

. —_—

C - CooH C - COOH
i |
CH CH
COOH COOH
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t
And this possibility would also bring the radical theory into agreement { :
with the known facts. ) 1
Recently also American workers have come to a corresponding con-
~ clusion; thus, e.g. Lardy and Elvehjem ¢17) write:

- e
3

N e 1

1
o]

»The key substance in the [tricarboxylic acid] eyele is the two-carbon compound
which condenses with oxaloacetate and, in accordance with the most recent evidence,
is here designated as an “activated’ acety] radical [CH;- CO - X]. ... Cocarboxylase

is necessary for the conversion of pyruvate to the two-carbon compound and hence -:_?f'ij
for the conversion of carbohvdrate to fat. . : i;\:—f.
In normal metabolism the acetyl compound is rapidly oxidized, presumably after : '}E':
coupling with oxaloacetate, through the isocitric acid cyclea . ‘ e
From -the viewpoint of the radical theory it is interesting to note
that pyruvate acrobically is converted by liver into acetaldehvde (14) -
~ . . Y. v . e e -
and 1hat also the »dismutations of pyruvic acid depends on thiamine 2; ;
as shown parlicularly by Lipmann (for review ¢f. 5; also 37, 26, 76). 1

The radical theory would thus lead from pyruvate to the tricarboxylic »
acid cycle. But, as shown years ago by Simola (68; cf. also 70), both Ty
butyric acid and the f-keto acids are also metabolized by way of the P
tricarboxylic acid cycle. This finding has likewise only recently been ‘
confirmed by other workers, Wieland (85), Martius (39) ‘and Breusch (11)
having arrived almost simultancously at this conclusion which, besides,
Buchanan et al. (12) have confirmed with the use of acctoacetic acid

marked with *3C in the carboxyl and f-carbon positions (cf. also 26 a): :
COOH - R-COOH ~ B
R-CO-CH, » |
+ . CooH - ' 0 5[
OH “CH, i&%
: > |
C-COOH - C-COOH =
Il I s
CH- . CH R j-““g
. . B uaﬂ"
COOH COOH

v

According to Martius there exist two different enzyme systems :
capable of forming cilric acid, one from pyruvic acid, the other from 3
* f-keto acids through a non-hydrolylic cleavage. These two enzymes,
he says, occur side by side but in different quantities in almost all e
organs. ' : o

Since the liver tissue does not oxidize acetoacetic acid, Lehninger SR
(O0; cf. also 61) quite recently has succeeded in distinguishing these '
iwo metabolic pathways in the oxidation of hoth pyruvic acid and
fatty acids by rat liver suspensions. Thus, in the absence of oxalacetate ;
they are both metabolized with the formation of acetoacetic acid, but '
in the presence of oxalacetate or ils precursors their metabolism

. .
*

-
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proceeds dircctly through the tricarboxylic acid cycle. So, the course
of oxidation is determined by the supply of oxalacetlale or its precursors,
the ketone bodies being formed in tissues Jacking in oxalacetate.
This view would also provide a simple explanation for the occurrence
of acctone bodies as metabolites as a result of disturbed carbohydrate
metabolism, i.e. under conditions of fasting or diabeles mellitus (cf.
e. g. 50). Krebs (10) suggests that insulin functions as a catalyst of the
citric acid cycle. It is interesting Lo observe that insulin may accelerate
also the acetylation process. So, the acetylation of p-aminobenzoic acid
in the rabbit is increased by the injection of insulin, but no increase is
obtained by the simultancous injection of insulin and reduced glutathione
(24; cf. however 57).
Recent isotope research (cf. only 78 a, 82 a) has also shown dcfinilely
that — as suggested already by Locb (31) — acetic acid in vivo is con-
densed to acetoacetate. The path of acetic acid into the acctylating com-
pound stage thus seems clear, which means that also acetate, via ace-
toacetate, can enter the tricarboxylic acid cycle by condensation with
oxalacctate, and acetylate aromatic amino groups, as suggested by Bern-
hard (6, 8), by Bloch and Riflenbery (10) and in regard to sulphonamid-
es especially by Lipmann (52). This view is supported also by the
fact that Bloch and Rillenberg (9). working with isotopes, proved that
both halves of butyric acid are employed in forming acetyl groups.
The formation of acetoacetate from pyruvic acid has been ascribed
to the condensation of pyruvic acid with acctate (cf. only 16, 18); we

refer here particularly to Krebs (14; cf. however 82 a) who regards

acetopyruvic acid as an intermediate of this condensation:

CH, - COOH + CH, - CO - COOH —- CH, - CO - CH, - CO - COOH.

The role of thiamine in the formation of acetoacetic acid (41, 5) would,
however, he more casily understood on the basis of the ketene-like
radical, produced from pyruvic acid through dehydrogenation:

CH, - COOH 4 CH,-C:0 —> CH,-CO - CH, - COOH.

By administration of deuterio-alcohol Bernhard (7) has shown that
also ethyl alcohol may function as acetylating component in- vivo. He
therefore concludes that alcohol in the organism is metabolized via

acetic acid. Later, however, he states (8): »yDurch Alkohol-Verbrennung
ird cine

entstehende Essigsiure reagiert leichter als verfiitterte, es w
bedeutend D-reichere Acetylverbindung crhalten.» These apparently
contradictory statements (cf. also 9) arc explained easily, however, if
the opposite hypothesis is accepled, viz. that the dissimilation of al-
cohol in the organism does not proceed over acetic acid. Through
dehydrogenation alcohol is, indeed, converted to acetaldchyde, further
dehydrogenation leading probably again to the ketene radical. True,
this radical might add water and be thus converted to acetic acid, but
it might also participate in the general metabolic reactions as such.
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— With regard to the formation of acetoin from alcohol in organism
reference is made to a review by Westerfeld and Doisy, Jr. (81).

- —2H —2H -+H,0 ‘ .
CH; - CH,O0H — CH;-CHO ——> CH;-C:0 [ — CH;-COOH

It is interesting to note that also the acetylation of choline — the

formation of acetylcholine —- is in- vivo catalyzed by thiamine (55)."

Moreover, according to Torda and Wolff (79, 79 a), »the cnzyme in-
volved in the acetylcholine synthesis conlains an active —SH group,
since the process is inhibited by agents that decrease the activity of
the —SH group (monoiodoacctatc, alloxan, unsaturated ketones, oxi-
dizing agents, penicillin) and increased by agents protecting the activity
of the —SH grcup (glutathione, cysteine, antioxidants, sodium pyro-
phosphate in low concentrations)y. ' :

Why diphosphothiamine, contrary to other primary amines, does not
itself act as acceptor to the acetyl group, is explained by Stern and Mel-
nick’s work (74). Using ketene they could show in vilro that the amino

group in free thiamine is resistent against acetylation. On other hand, -

the hydroxy group of the alcohol side chain — which is phosphorylated
in diphosphothiamine -— has heen acetylated as in choline. Thus these
two substances, acetylcholine and acctylthiamine, are indeed split by
the same enzyme, cholinesterase (60, 77).

() e &
: CH)
oy TN oy,
l ‘ . ,
CH,0-0C-CH, c O HC_ - C-CH CH,-0-0C-CH,
’ o Sy, N4 !
. -ﬂce{y/cﬁo/me /qce{y/f.é/am)'ne‘

~ As a summary of the foregoing we present the ‘following scheme:

CHy-C0-CO-R = OH(-S
Dxac?!y'} and romologues.-” Aldeks.
- C/'}?”'H N-RR

JeRiffs bose -, _
CHyCO-HN-R <« R .
Jf?:(y omine e
‘ CHyCO-0-CHyR <— HOCH,-R
fatty acids — Rcoch-coon Acetylcholine Choline
= CHy- CO0H < K0

Carbohydrates —s cry;co-coon — CHyC:0 T==2 C1y-Co-Chi-CoOr
s !

%MCZ/%?H = Oty CHO C,-CO-CH, .

celone

HOOC-CH:(-OH - HOOC-CH:L-CHy-coom
HOOC : _ HooE

. Oxotacetic acid cisAeonitic acid

RS S R g g VS S S A

i.
;
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The kelene radical -- formed, at least from the carhohydrate deri-
vatives, Lhrough Myrbick’s (liphuspholhi:uninc-SS redox-system -
would thus be linked wilh the acceplors proposed above, which again
would [unction »wie die Ablangsubstanzen von Neubergs as expressed
so aptly by Reimwein (67) with regard Lo arylamines. The reactions
discussed above would thus indeed be regarded merely as compelilive
branches of melabolic acelylation. Qur experimental results also seein
to support strongly this view.

As Marlius suggest, and as we have carlier stressed (78), the formula
Cll, == C: 0 s Thtended less to deseribe the searcely cever discernible
structure of Lhis short-lived radical than its ketene-like mode ol
reaction.  What will be its relation lo Lipmanit’s acelylphosphate.
Cil;-CO-0O- PO, seems still unsettled in spite of the facts that
some workers (13, 56) have wanted Lo see in acelylphosphate the acelyi-
ating component, and that Lipmann (32, 53), quile recently, has shown
adenosine lriphosphale funclioning as an energy donor in anacrobic
acetylations. lHowever, the above model reactions (pag. 311) already
show ihat -this need not be the case. And, although Lardy and Zieg-
ler's investigations with radioactive phosphorus (19), in which they
established  the  reversibility of lhe reaction phosphopyruvic acid
~- ADP — - pyruvic acid = ATP (el 29), seems now. to have removed
the weightiest objection against acelylphosphale, it should be observed
that, according lo Jlallman and Simola (23), the effect of phospho-
pyruvic acid in the cilric acid formalion »was definilely less than that
of pyruvic acid alones (cf. also d1). Thus, sthere is no experimental
evidence that the reaction CH,CO0 (PO,IT,) + oxalacetate — = phos-
phorylated tricarboxylic acid occurs» (80; cf. also 26 a, 50).

Summary.

‘The metabolic acetylation of arylamines in animal organism was
investigated with rabbits using sulphapyridine as the substrate.

Acctylation in vivo was found Lo increase almost 3-fold when vitamin
1B, was injected into animals which had been on a one-sided laboratory
dict.

In pilro-experiments showed that addition of malic acid —- a pre-
cursor of the tricarboxylic acid evele —— deercased acetylation while.
inversely, addition of sulphapyridine deer ased the formation of citric
acid. —- The inhibiling effect of aldehyvdes on acetylalion scems to be
ascribable Lo their ability to react with arvlamines forming Schiff’s
bases. '

Substances able to funclion as hydrogen acceplors (pyruvic acid,
acelaldehyde) acetylate in pilro relatively more strongly in anacrobic
experiments, than in acrobic ones. ‘

These results support the view that acclylation of arylamines in
organism should he regarded merely as one branch of Lhe metabolic
acelylation -— the others being the formations of tricarboxylic acids

_ and of aroina substances. They also are in agreement wilh the assumplion
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that. the function of Myrbick’s diphosphothiamine-SS redox-system is Do
a prerequisite to the formation of the acclylating component. '
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612 PHYSICAL CONSTANTS OF
3 Beil. Formula
No. Name Synonym Formula Ret. Weight
i 3965 | Leucylglycine(d!) | ................. CsH 2NCO-NHCH,- IV-448 188.23
COzH
3966 | Levalin | ... .. ... CsHioOs I-925 162.14
3967 | Levulinic acid acetopropionic acid | CH3CO(CH,),CO.H | IlI-671 116.12
3968 aldehyds | ... ........ seses | CHyCO(CH;);CHO 1-774 100.12
. 3969 | Lichenin moss starch (CeH1005)x | ...... oo 1(162.14)
‘ 3970' | Lignocericacid | ................. CauHigO; I1-393 368.65
i 3971 { Limettin 5,7-diMeO-coumarin| (CH;0),CsH,0, XVIII-97 | 206.20
: 3972 | Limonenes (dl) dipentens CioHyg V-137 136.24
3973 | Limonene (dorl) p-menthadiene- CroHig V-133 136.24
1,8(9) )
3974 | Linalool (d)t coriandrol CioHiO : 1-461 154.25
i 3975 | Linalyl acetate bergamol CH3CO0;-CioHyy 1141 196.29
B 3978 | ILinoleicacid octadecadianoic acid| CysH;,0, 11-496 280.45
i 3977 | Linolenic acid octadecatrienoie acid| CiaHi,0; II-499 278.44
3978 | Lophine triphenyl-imidazole | (CsHs)sC:C-N:C-NH XXIII-318 | 296.38
3979 | Lumisterof | ................. CasHaz;OH seesesees | 396.66
3980 | Luteol oxychloro-diphenyl~ { Ci9H;,ONCI ceees 307.79
quinoxaline
3981 Lutidine (2,5)8 dimethyl-pyridine (CH;3)2CsH3N XX-244 107.16
3982 | Lutidine (2,4) (a,v) | dimethyl-pyridine {CH;3):CsH;N XX-244 107.16
a 3983 | Lutidine (2,6)(aa’) | dimethyl-pyridine (CH3)2:CsHIN XX-244 107.16
3984 | Lutidine (3,4)(8,v) dimethyl-pyridine (CH;3):CsHiN X X-248 107.16
3985 | Lycopene lycopin CuoHss XXX-81 536,89
3986 | Lysine (dI) ee~diaminocaproic | NHz (CH2):CHNH,- | Iv-436 146.19
acid CO;H
3987 dihydrochleride | ............... CeHi402N;-2HCI IV.437 213.11
3988 | Lysine (1) tesecceannnans (NHz)2CsHy-COzH IV.435 146.19
3989 hydrochloride (d) | ...... srresvsaees | CgHy4OzN2-2HCH IV-436 219.11
3990 monohydrochloride| (d) CeHiOzN-HOL | ..., ..s | 182,65
3991 | Lyxose (e)(d) | ...... tesienenan . ('}Hz(CHOH)cCl’ XXXI-56 | 150.13
3992 | Lyxese (8)(d) renessrenanna. . ?Hz(CHOH)Q'? XXXI-56 | 160.13
3993 | Malachite green§ benzaidehyde graen;| 3C,, HasN2CI-2ZnCly- | XIII-745 [1403 35
(zinc salt) 2H,0
3994 graen (oxalate salt) 2C23HasN2-C2 HO,- XTII-745 927.03
HzCzO‘
3995 | Maleic acid (cis) butendioic acid; (:CH-COzH)a II-748 116.07
toxitic acid .
3996 anhydride eresaae sesesess | (:CH-CO)0 XVII-432 98.06
3997 | Malic acid (di) hydroxysuccinic acid HO;C-CHOH-CH;,- IIT-435 134.09
COxH
3998 scid{dorl) | ....... eereraase HO-C:H;(COzH), II1-417 134.09
3999 Ca acid salt () Ca bimalate Ca(HC(H,Os5)2-6H0 | ......... 414.33
4000 acid (a), iso- methyl tartronic acid CH;3-C(OH){CO:H)2 | I11-440 134 .09
4001 amide (1) {-malamide HO-C2H3(CO-NH,), I11-435 132.12
4002 | Malonic acid propandioic acid CH,:(COzH), 11-566 104.06
4003 Ca sait calcium malonate CaCiH,0,-4H,0 I1-570 214.19
4004 amide malonamide CH3:(CO-NH;), 11-.582 102.09
See also No. 2518, Light green 3594 Litmopyrin 117 Lupanine, cf. alxd.
Soe also Mo, 3147, Lilacin, ¢f. glcdo. Lobeling, cf. alkd. Lupinidina, cf. aikd.
In medicinal use without Linalool tetrahydride 2519 Lodal 2413 Lupinine, cf. aikd.
ZnCl, Linaloolene 2515 Loretin 3888 Lutein 6452
Levulose 3616 Linamarin, cf. glcde. Luminal 5113 Luteostarone 5334
Lowisite 1473 Lindol 6351 Luminol 359 Lutidinic acid 5498
W\\, = —«mm "




Name Function, Usage

Lactic Acid . Acid

Used as acidulant in beverages, candy _

Olives, used in brine as acidulant and preservative

Brewing industry. Upto

Dried egg whites

Cottage cheese

Confections .

Bread,” rolls, buns, etc. In such quantity that the pH of
the finished bread is not less than 4.5

Cheese products. Same as for Acetic Acid

Frozen desserts, sherbets, and ices

Fruit jelly, butter, preserves, jams. Sufficient amount
may be added to compensate for deficiency of fruit
acidity

Magnesium Carbonate Alkali

Neutralizer for sour-cream butter, ice cream
Cacao products. Same as for Ammonium Carbonate
Mixed with benzoyl peroxide for bleaching flour
" Mixed with benzoyl peroxide for bleaching milk for
certain cheeses ' -
Canned peas. May be used in such quantity that the pH

does not exceed 8.0 : .
Magnesium Hydroxide Alkali
Canned peas. In such quantity that the pPH does not
exceed 8.0
Magnesjum Oxide Alkali

Used as neutralizer in frozen dairy products, butter
Cacao products. Same as for Ammonium Carbonate
Canned peas. May be used in such quantity that the pH

does not exceed 8.0
%‘ Yallouiiion Acid

Frozen dairy products, beverages, bakery products, ete.

Confectionery. Up to

Fruit butter, jelly, jams, preserves. Sufficient amount
may be added to compensate for deficiency of fruit
acidity. Artificially sweetened preserves

Phosphate, Calcium, Buffer
monobasic S—

(Calcium acid Prepared mixes (pancake, muffin, cake, biscuit)
phosphate) Leavening ingredient for various crackers and cookies
Pancake flour .

Self-rising flours, self-rising white and yellow corn-
meals. Same as for Carbonate, Sodium bi-

Phosphated flour

Artificially sweetened jelly and preserves .

Canned potatoes, canned green or red sweet peppers

Canned tomatoes

Phosphate, Calcium, tribasic Buffer
Used for pH adjustment in frozen dairy products
Beverages
Confectionery
Baked goods ’

Phosphate, Sodium, dibasic
(Disodium phosphate)

Buffer

Used to adjust acidity of various foods
Chocolate products

44
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Levels of Use

0.2%
0.05%

2.0%

4.0%

- 1.5%
5-0.20%
%

1.0
0.0
2.5

0.25 - 0.75%

0.0016 - 0.005%
0.08 -0.1%
0.0025 - 0.006%
0.004 -0.03%

0.4-0.8%

e
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-MALIC ACID Flavors in which used:
Citrus, fruit, mint, vanilla

Chemical formula: HOOCCHOHCHchOH

Natural food occurrence:

- Flavors in which used: - -Caraway
Fruit, maple
Approx. Av
Natural food occurrence: Foods in which used: Maximum ppm
Coffee, peaches, rhubarb root, vanilla - Beverages . . . . . . o b 0.50, 1
Ice cream, ices . . . e 0.50, 1
Approx. Avg Candy .......... . 20
Foods in which used: Maximum ppm Baked goods . . ., . ., .. 10, 50
Beverages . .. ... .. . 380
Ice cream, ices . . . . . . 390
Candy ....... e e 420 P-MENTHA-6, 8-DIEN-2-OL,
Baked goods . ., ., .. .. 0.60, 1.5 (See Carveol)
MALTOL 6, 8(9)-2-MENTHADIEN-2-ONE
3-Hydroxy-2-methy1—_)_f_-pyrone (See Carvone)
Chemical formula: o
H 3-p-MENTHANOIL,
m (See Menthol)
Hg
Flavors in which used: R-MENTHAN-3-ONE
Chocolate, coffee, fruit, maple, nut, vanilla (See Menthone)

Natural food occurrence: . '
- Chicory, roasted malt R-MENTH-1, 4( 8)-DIENE
" (See Terpinolene)

Approx. Avg

Foods in which used: Maximum ppm
Beverages . . . ... ... 3.1 R2-MENTH-1-EN-8-0OL
Ice cream, ices . . ., . . . 8.7 (See &-Terpineol)
Candy ........... 31
Bakedgoods........ 30
Gelatin desserts . . , , , . 7.5 . P-MENTH-8-EN-3-OL
Chewing gum . . ., . . ., . . 90 (See Isopulegol)
Jeny............ 15
. 1-2-MENTHEN-4-OL
MELONAL (4-Carvomenthenol)

(See 2, 6-Dimethyl- S-heptenal)
8-p-MENTHEN-2-0OL

p-MENTHA-1, 5-DIENE - (See Dihydrocarveol)
(See &-Phellandrene) .

A—4‘ 8!-3-MENTHEN-3-ONE
d-p-MENTHA-1, 8-DIENE (See Pulegone)

(See d-Limonene)

A—_B( 9) -p-MENTHEN- 3-ONE
R-MENTHA-1, 8-DIEN-7 -0OL, (See Isopulegone)
1,8- P-Menthadien- 7-o0]

Chemical formula: CH,0OH p-MENTH-1-EN-3-ONE
' (See d-Piperitone)
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! Vol. lé | MALIC ACID 837

Steic . 183. N. Sux, Dangerous Properties of Industrial Materials, 2nd ed., Reinhold Publishing Corp.,
' New York, 1963, g
154. W. Ashcroft and 1. Clifford, Chem. Prod. 11 (1961).
B. DmucHovsky anp J. E. Franz
Monsanto Company

MALIC ACID

Malic acid (hydroxysuccinic acid, hydroxybutanedioic acid, 1-hydroxy-1,2-

ethanedicarboxylic acid) is a white or nearly white powdery, granular, or crystalline

g Corp,, material. The levorotatory isomer oceurs widely distributed in the vegetable kingdom.

' Malic acid has not enjoyed widespread industrial application to date because of limited

availability and high cost. Recent large-scale production facilities for the racemic

s, Ine, mixture of malic acid isomers will allow complete exploration of the commercial po-
tential of this acid. ’

The presence of a hydroxyl group, as well as of two carboxyl groups, results in a

a.). highly soluble molecule capable of the reactions usually attributable to these groups.
- {1985); '

- H

i HO—C—COOH

~ies 18, V H O0H

.~ Malic acid, the principal acid found in apples, is sometimes referred to as “apple
acid.” The characteristic flavor of malic acid has been used advantageously in the
manufacture of apple jams, jellies, candy, and beverage products.

Occurrence

Malic acid occurs widely in biological systems. It is the predominant acid in
numerous fruits, where it contributes significantly to the flavor, especially in unripe
apples (Table 1). It is present in grapes together with a usually lesser amount of
tartaric acid. The change in flavor as some of these fruits ripen is associated with a

£ Co.). _ reduction in malic acid content and a simultaneous increase in sugar. Malic acid
Sales, ! - occurs in relatively low concentrations thus making the isolation from natural sources
: expensive and impractical. An ion-exchange process has been published (1) for the

= range
Table 1. Malic Acid in F ruits (3-5)
Fruit % of total acid Fruit % of total acid

= Sons, - apple 97.2 orange pulp trace
apricot 23.7-69.8 peach 50.0-96.2
banana 53.7-92.3 pear . 33.0-86.6
blueberry 6.0 persimmon 100.0
cherry 94.2 pineapple 12.5
cranberry ) 19.1-23.5 plum . 08.5
gooseberry 46.2 quince 100.0
grape (Concord) 60.0 thubarb 77.0
grapefruit 5.6 strawberry 9.9-11.0

lemon 4.5

watermelon . 100.0
orange peel 59.6-80.0 .
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isolation of this acid from apple juice which may contain from 0.4 to 0.7% malic acid
(2). It can also be obtained from its calcium salt in “sugar sand,” a by-product of the
maple sugar industry. )

In addition to its presence in sour fruits, malic acid has been found in cultures of
a variety of microorganisms including Aspergilli (6), yeast (7), Sclerotinias (8), and
Penicillium brevi-compactum (9). Among the Rhizopi, it occurs together with L(4)-
lactic acid and fumaric acid. Yiclds of levorotatory malic acid as high as 55 g/100 g
of a p-glucose, amounting to 74% of theory, have been reported for Aspergillus flavus
and Aspergillus parasiticus (6). Iron, manganese, chromium, or aluminum ions re-
portedly enhance malic acid production.

Malic acid is of interest to the biochemist because it is a participant in two respira-
tory metabolic cycles—the IKrebs tricarboxylic acid cycle and the glyoxylic acid cycle.
These metabolic cycles appear to play two essential roles in cellular metabolism.
They account for the terminal oxidation system which supplies energy and provide
the carbon skeletons from which many of the amino acids of proteins are derived.

Chemical and Physical Properties

Malic acid crystallizes from aqueous solutions as white, translucent anhydrous
crystals which melt at 129°C and decompose at about 180°C to yield fumaric and

_ maleic acids. Under normal conditions, malic acid is stable; however, the pure

crystals are somewhat hygroscopic and under conditions of high humidity tend to
ligrefy. A 5049, weight gain was observed after six days at 989, relative humidity
at 25°C (10).

Malic acid is a strong organic acid. The first dissociation constant is reported to
be 4.0 X 10~ and the second dissociation constant is 9 X 10~ at 25°C. The pH of
a 0.1% solution is 2.8, and of a 1.0% solution is 2.4. It is soluble in water to the extent
of 48 g at 5°C, 38 g at 25°C, and 80 g at 75°C in 100 g. Many physical properties
are very similar to those of citric acid (11). The chelation index of malic acid is 46.3
compared with 70.5 for citric acid, 52.1 for tartaric acid, 13.5 for lactic acid, and 4.3
for acetic acid (12). '

Because of the presence of an asymmetric carbon atom, malic acid is optically
active. Much study has been devoted to the effect of dilution on the optical activity
of malic acid (13). The naturally occurring acid shows a most peculiar behavior in this
respect; a 349 solution at 20°C is optically inactive. Dilution results in an increasing
levo specific rotation, while more concentrated solutions show an increasing dextro
rotation. The peculiar behuvior observed in the optical activity of malic acid led
Bancroft and Davis (13) to conclude that an additional form, the epoxide, occurs in
solutions. Some of the apparent anomalies are explained by the fact that the direction
of rotation of the lincar und epoxide forms is reversed.

/O\ /OH
HC——C—O0H

H COOH
epoxide form of malic acid

Synthetic malic acid, a racemic mixture, is best resolved by erystallization of its

cinchonine salts. When partly racemized malic acid is erystallized as the ammonium

molybdate derivative, the form present in excess crystallizes first.

Mt o
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Configuration

Fischer (14) concluded that the naturally occurring levorotatory isomer has the
spatial configuration (1) as a result of the work carried out by Bremer (15), in which
he reduced tartaric acid to malic acid.

COOH COOH
: ;; (iJOOH ‘ﬁ ?OOH
HO H = HOCH H < OH = HCOH
]
CH.COOH CH,COOH CH.COOH CH.COOH
S (~) - malic acid (1) R (+) — malic acid (2)

The other isomer (2) which exists as a result of the asymmetric carbon atom is
assigned the R-configuration symbol.

The configuration of a molecule can be absolutely designated by the use of a three-
dimensional drawing as in (1) or by use of the Fischer projection indicated in (2);
however, it is frequently desirable to have names which designate configuration.
Conventions have been adopted generally by chemists based upon correlation’ with
glyceraldehyde using the symbols pg or Lg or by correlation with the amino acid serine
using the designations ps and Ls. These systems conflict when naming certain mole-
cules with asymmetric carbons, with malic acid and tartaric acid as examples. Fre-
quently, authors have not indicated the system they were using by proper subscripts.
Often the lower-case letters d and 1 used to designate rotation were interpreted as
configuration designations. Much confusion in the literature understandably exists.
Neither system has been internationally accepted, particularly because each is un-
suitable for molecules containing more than one asymmetric carbon atom.

A system proposed by Cahn and Ingold (16) provided a means to designate
unequivocally the absolute configuration of each asymmetric carbon atom in & mole-
cule. This procedure, known as the “‘sequence rule,” or the “R and S system,” has
rapidly gained acceptance in the current literature. The proper designation, R or S,
is determined by assigning a priority to each group attached to the asymmetric atom.
The priority of each group is based upon the atomic number of the atom in the group
linked directly to the asymmetric atom. Thus, oxygen has a higher priority than car-
bon. If two or more atoms directly linked are the same, the priority is then assigned
on the basis of the atomic numbers of the atoms attached to the atom directly linked to
the asymmetric atom. If the attached atoms are the same, the priority is based upon
the next atoms attached along the chain until the priority is determined. Thus,
the n-propyl group has a higher priority than the ethyl group. Atoms connected by
double bonds are treated as if two single bonds existed, thus a carbonyl group —C==0
is treated as if it were 0—C—O. The following atoms and groups listed as exam-
ples are in order of decreasing priority: I, Br, Ca, Cl, S, Na, I, O, N, —COOCHj,
—COOH, —CONH:, —C, N-CiH;—, —C(CHjy)s, —CH(CHa)e, —CH.CH,, —CHj,

T,D,H. Note that isotopes with the highest mass number are given highest priority.

A three-dimensional drawing of the asymmetric carbon and its attached groups is
drawn and viewed from the side remote from the group of lowest priority.

(!IOOH

view
: /" NOH
CH,COOH
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The order of decreasing priority of the threc groups constituting the triangle
nearest the observer is determined. If the priority is observed to decrease clockwise
the configuration notation R is assigned (Latin rectus, right). A priority sequence
which decreases counterclockwise is designated S (Latin sinister, left). Each asym-
metric atom can be designated in turn. 1t should be noted that pseudo-asymmetric
carbons arc designated by assigning R u higher priority than S: Naturally occurring
malic acid is thus designated S(=)-malic acid, where (=) indicates the substance
is levorotatory. Dextrorotatory tartaric acid is designated R,R(+)-tartaric acid.
During the development of the sequence rule, some of the earlier procedures were
amended. Cahn (17) has described the now-accgpted procedures in more detail than
this introduction to the system.

When the following reaction scheme was carried out, one of the most remarkable
phenomena of organic chemistry, the Walden inversion, was discovered (18).

PCL
S(—)malicacid = R(4 )-chlorosuccinic acid
KOH
AgOHT - 1.«;0}1
PCh
8(— )-chlorosuccinic acid x%—n R(+ )-malic acid

This work indicated to early investigators that the formation of a compound
is not as simple as it appears. Realization that the entering group does not occupy
the same position on the asymmetric carbon as that occupied by the group which is
removed gave evidence to the need for a mechanistic approach to organic chemistry.

The Walden inversion may be envisioned as s concerted reaction whereby a nu-
cleophilic reagent collides with the compound undergoing reaction, with the collision
occurring at the rear of the carbon atom from which the leaving group departs.
In modern mechanistic terms this is described as an Sy2 reaction because it is a bi-
molecular nucleophilic substitution. - : ‘

i Studies show that S(—)-malic acid and 8(—)-chlorosuccinic acid have the same
configuration, as shown below. ' :

COOH X ' COOH
rolu ol
Sncoom " én.coom

The inversion occurs during reaction with potassium hydroxide or phosphorus
pentachloride.

COOH COOH
. KOH
a CléH = H(IIOH
. PClh é .
H.COOH H,COOH
8( ~ )-chlorosuccinic acid R(+ )malic acid

The correct name for the first substance would be S(~—)-chlorosuccinic acid, the 8
showing its absolute configuration. In the following reactions, R and S will be used in
 reference to configuration of the structures.

- ——— e .
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Other reaction schemes were investigated with sometimes surprising results—
until the following mechanistic approach was used to explain the facts (18):

KOH \
R(+ )-chlorosuccinic acid’ P:i::l S( — y-malic acid

! SOCl, SOCl,
A‘O}ll T pyridine AEOHT lpyrid'me
KOH
R(+ )-malic acid P*E.-h S( —)-chlorosuccinic acid

In the foregoing series of reactions, SOCI; and AgOH cause no inversion while
KOH and PCJ; cause inversion; however, different results are obtained with the same
reagents in other solvents, especially SOCl; and ether. It was formerly thought that
the inversion took place only when the asymmaetric carbon was in a position alpha to
a carboxyl group. The changes observed in the Walden inversion are of fundamental
importance in organic chemistry as they are involved in all replacement reactions.
Similar changes undoubtedly take place in optically inactive compounds, but there are
presently no ways of detecting these changes in such structures.

Reactions

Esterification. Malic acid yields the usual diesters with an alcohol in the presence
of 2 esterification catalyst (19-22). :
Monoesters may be easily prepared by refluxing malic acid with an alcohol with

boron trifluoride as a catalyst (23).

With polyhydric alcohols and polycarboxylic aromatic acids, resinous products
result, yielding alkyd polyester resins (24). .

Complete esterification of the molecule can be accomplished by reacting a diester
of malic acid with an acid chloride, such as acetyl or stearoyl chloride (25).

Etherification. Alkyl halides in the presence of silver oxide react with alkyl -

malates to yield alkoxy derivatives of succinic acid, for example, a-ethoxy succinic

acid, HOOCCH,CHOC.H;COOH (26,27). -
Another and perhaps more realistic synthetic approach to ethers of malic acid is
the reaction of maleic esters with sodium alkoxides resulting in the a-alkoxysuccinic

esters (28).
Amidation. The expected amides are obtained when alkyl esters of malic acid

are treated with ammonia in alcoholic solution (29,30).

HOCHCOOCH; 2n#, HOCHCONH:

—_— + 2 CH,0H
H.COOCH, H.CONH;:

Hydrazine reacts in a similar manner to yield the malic dihydrazide (31).

HOCHCOOCIL HOCHCONHNH,
H,COOCI, CH,CONTINH,

Dcpending on the proportions of water present in the reaction, aniline and malic
acid form N,N’-diphenylmalamide or the eyclic compound N-phenylmalimide (32).

AN TP



maatifinenais

W atne

(Y

842 MALIC ACID ' !

}IO(iJHCON HC,H

CH,CONHC. I,
H:COOH + CHLLNHy—| ! ,N’-dipheny_lmalamide

HOCHCOOH

HOCHC=0

H:ﬁ}-—N CH,

(]
N-phenylmalimide
When monoaniiinium malate s distilled un

der reduced pressure, a mixture of (.
anilino-N—phenylsucciuimide, N-phenylmalanil,

and N-phcuylsuccinimide is obtained
(33,34).
0 0 ]
HOCHCOOH.H:NC.H. C.Hd{f{CHg HC—-(! CH:—(q
- r . \NCcH. + ’ \\IC-H- + I \NCsHs
CH.COOH CH:C/ H ‘CH,

An interesting heterocyclic compound, 2,&dioxopiperazincdia¢etic dilactam, re-
sults when monoammonium malate is heated (35):

» .

H
. | HOCIICOON n,c;éc—_iv—co
2 | - / | ’Ol + 6 H,0
CH.COONH,

OC—N—I({)—CH:

Oxidation. lalic acid Yields 75-809,

of coumalic acid when treated with fuming
sulfuric acid (36).

-9 PN
2 HOCHCOOH 2 #H o HOéC' CH
H,COOHl + H:80. -+ CH,COOH — H([,‘ ‘!‘-——-—0
AN
(o)
coumalic acid

. Similar treatment of malic ac

id in the presence of phenol an,
affords a facile method of synthes
0).

d substituted phenols
izing coumaring substituted in

the aromatic nucleus
Similar reactions take place with thiophenol and substituted thio
interesting com pounds,

one of which is a red dye (41). Malie acid and 2-thiobenzoic |
seid, 2—HSC.I'LCOOH, in this reaction yields 3-hydroxy-l-thionaphthalic—2—aldehyde. !
Oxidation of an aqueous solution of malj

¢ acid with hydrogen peroxide catalyzed
by ferrous ions yields oxalacetic acid 42):

phenols, yielding

HOCHCOOII 0=CCoOoIT |
Fet+
ILCOOI + 10— di.coon
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If the above oxidation is performed in the presence of chromium, ferric, or titanium
ions or mixtures of these, the product is tartaric acid (43).

Selenium dioxide reacts with an excess of ethyl malate to yield ethyl dioxosuccinate
and some ethyl fumarate (44). With an excess of oxidizing agent, ethyl malate is
converted to oxalic acid and monoethyl mesoxalate (44) as follows:

HOCHCOOC,H, COOH
COOC,H,

CH,COOC:H; + S¢0; —— COOH + 0=

(excess)

COOH

Reaction with Aldehydes. Chlorals react with malic acid in the presence of sul-
furic acid or other acidic catalysts to produce an interesting class of heterocyclic
compounds, the 4-ketodioxolones (45,46).

HOCHCOOH 0

H* N
CH,COOH + CIL,CCOOH —» | /CHCCI:
HC—O
COOH

Other Reactions. Mlalic acid does not form an anhydride but does yield two
types of condensation products, linear malomalic acids and the cyclic dilactone or
malide, which behaves to some degree like an anhydride (12).

o)
HOOCCH:CH/ \C=0
CH,COOH

0
malide

Manufaeture

Biosyntheses. An interesting method of preparing S(—)-malic acid, the natural
form, is based on the use of the enzyme fumarase which catalyzes the “transcrystal-
lization’ reaction (47).

fumarase

fumarate + H;O0 —— malate

When supplied as the calcium salt, the relatively greater solubility of calcium
fumarate than that of calcium malate forces the reaction to completion. Cells of one
of the Lactobacillus species are a source for the enzyme. With L. brevis, a conversion
of fumarate to malate has occurred with an efficiency of 99% in 24 hr. When the
reaction was conducted with two-day-old liquid cultures of L. brevis, the reaction ef-
ficiency was 88%. Since fumaric acid is readily obtained by oxidation of benzene,
“transcrystallization” might offer an economical synthesis of malic acid. “Trans-
erystallization” would offer the advantage over hydration of fumaric acid by heat or
chemical means in that it would produce only a single optically active isomer, the
naturally occurring form.” Extensive studies have been made on the kinctics of the
enzyme-catalyzed reversible hydration of fumarate to S-malate (48-50). Olefinie
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hydration catalyzed by enzymes features high rates, stereospeciﬁcity;, and neutral con-
ditions. i A

Chemical Syntheses. R,8-Malic acid has been made availabie from a synthetic
process which involves hydration of maleje or fumaric acid at elevated temperatures
and pressures in the presence of either sodium hydroxide (51), H,S0, (in lead-lined

- apparatus) (52), or various metallic (83) catalysts or without the aid of any additives

Acidic, basic, and neutral conditions have been Investigated for the nonenzymatic
hydration of fumaric acid to malic acid. Most investigators have reported the prepary-
tion of malic acid from fumaric, but it ig understood that maleic acid may be subst;-
tuted for fumaric acid.

The kinetics and mechanisms of the Donenzymatic hydration of fumaric acid -

monoanion under neutral conditions have algo been investigated (56).

The base-catalyzed hydration of fumarate to RB,S-malate in water in the tempera-
ture range of 90-175° ¢ follows a reversible first-order rate in fumarate and malate,
Rates are proportional to bage (NaOH) concentration at constant ionic strength.
The racemization rate of S-malate catalyzed by NaOH js equal to the rate of dehydra-
tion of R,S-malate (37). )

Equilibrium constants ang rate constants for the hydration of fumaric acid to
malic acid have been determined at hydrochlorie acid concentrations of 1 to 44M
in the temperature range of 125-200°C (58). The values of AS of hydration and de-
"hydration support the hypothesis that the rate-determining step in the hydration reac-
tion is a bimolecular reaction with water (58). :

Reznikov and Grud’ey (52) describe the preparation of R, S-malic acid in a Russian
patent in some detail. In essence, a40% stock solution of maleic acid is charged into 5
lead-lined autoclave and hydrated under pressure to malic acid,

At room temperature maleic acid is corrosive to most metals, and at the reaction
temperature of 165-170°C, maleic acid js very highly corrosive, attacking such materials

autoclaves was lead. The lead liner is pretreated with g 49, solution of sulfurie acid to
form a film of lead sulfate. This coating protects the lead liner from being attacked
by maleic acid and the acid products of the reaction,

A mixture of maleic acid and 49, sulfuric acid was charged into an autoclave,
with the sulfurie acid acting as the hydration catalyst. The conversion to malic acid
proceeded in 65-709, yields, while 30-35% of the maleic acid was converted to fumarie
acid. Since fumaric acid is not very water-soluble, upon cooling the reaction mixture,
it was easily removed by filtration. The filtrate containing crude malic acid, sulfurje
acid, small amounts of fumaric acid, and colored iron impurities was neutralized with
CaCO; or calcium malate. The iron wag converted to Fe,Q; with H,0; and then pre-
cipitated as Prussian blue by adding sodium cyanide. This mixture was decolorized
with carbon, the sludge removed by suction filtration, and then the filtrate was col-
lected and concentrated under reduced pressure to about 2097, maljc acid coneentration,
At this stage the solution was cooled again and filtcred to remove traces of caleium
sulfate and residual fumaric acid. The filtrate was again concentrated under vacuum

- to a specific gravity of 1.34 or 80% malic acid concentration. Cooling caused crystal-

lization of malic aciqd which was centrif uged, dried, sieved, and packaged.
The first mother liquor was concentrated to yicld a second crop of erystals, while
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the second mother liquor was converted to calecium malate which was used to neutralize
the sulfuric acid in subsequent autoclavings. The fumaric acid isolated from the
autoclave reaction was purified by being treated with carbon, recrystallized, and re-
cycled in the preparation of malic acid.

A Japanesc patent (59), describing a manufacturing procedure for malic acid,
claims the direct hydration of maleic acid at 180°C and 150175 Ib pressure. These
workers suggest that in the hydration of maleic acid fumaric acid is formed as a by-
product which is slowly hydrated under the conditions of reaction. They further sug-
gest that if an amount of fumaric acid equivalent to that formed at equilibrium condi-
tions is charged together with the maleic acid, it is possible to hydrate maleic acid to
malic in a much shorter reaction time without the formation of any additional fumaric
acid.

As an example, they cite the following experiments performed at a temperature
of 180°C, a pressure of 150 Ib, and a reaction time of 10 hr: .

Ezxample 1
Charged to autoclave:
maleic acid 50 ¢
water 75ml . )

Yield: 36.3 g malic acid and 17.3 g fumaric acid

Example 2
Charged to autoclave: )
_ maleic acid 32.7¢g
+* fumaric acid 173 g
water 75 ml
Yield: 36.2 g malic acid and 17.5 g fumaric acid

Ezxample 3
Charged to autoclave:
maleic acid 325¢g
fumaric acid 175 g
water 75 ml
Yield: 36.4 g malic acid and 17.5 g fumaric acid

Table 2 shows the comparison of yields and reaction times obtained when maleic
acid was used alone and when 45-55% of fumaric acid based on the maleic acid was
simultaneously charged to the autoclave; no catalyst was employed. The reaction was
found to be independent of pressure. This concept of the Japanese workers is there-
fore substantiated by the increase in yield of malic acid and reduction in reaction time

achieved by the addition of fumaric acid.
From the data (Table 2) these investigators postulated that both the isomeriza-~

tion and the hydration are equilibrium reactions.

Table 2. Comparison of Yiclds of Malic Acids

Yield of malic acid at reaction times, %

4 hr 10 bhr 26 hr
maleic-fumaric acid mixture 83 100
maleic acid 56 62’ 67
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Economic Data

" Actual production figures for the U.S. and the world are not available. The
demand in 1963 was estimated at 1 million Ib (60). In 1965, the sole U.S. producer
completed a plant in West Virginia with capacity rated at 20 million Ib (61). This
plant utilizes a continuous process (62) for which patents have been applied for (63).
It is believed the process is based upon the hydration of maleic acid produced by the
catalytic oxidation of benzene. : _

The price for technical grade malic acid has ranged between 45 and 54¢/1b for
the period from about 1930-1965. The price for food grade was quoted at 62¢/lb
prior to October 1965, when the price was reduced to 29.5¢/1b (64).

A new production plant with a first-stage sales target of 1000 tons/year began
early in 1965 at Widnes, England. The selling price was fixed at £190 per ton, which
corresponds to about 26.5¢/1b (12). Two plants known to be operating in Japan are
offering malic acid at competitive prices throughout the world. .

Specifications

Until a few years ago no standard specifications have existed for malic acid, with
each manufacturer making his own specifications. Recently, however, specifications
were established for a Food Chemicals Codez (FCC) grade (65) (see Table 3).

Table 3. Specifications for Malic Acid FCC (65)

appearance, white or nearly white powder or granules

solubility, 1.0 g dissolves in 0.8 ml of water
1.0 g dissolves in 1.4 ml of ethanol

assay, 99.5%, by titration

melting point, 128-129°C

arsenic, <3 ppm

fumaric acid, <0.5%,

heavy metals, <20 ppm as lead

maleic acid, <0.05%

residue on ignition, <0.1%

water-insoluble matter, <0.1%

Food Chemicals Codex is being prepared by the National Academy of Sciences~
National Research Council from a research grant from the U.S. Public Health Service
and grants from a large segment of U.S. industry. These industries have played an
important role in developing and reviewing these specifications which are now being
utilized by government as well as private agencies. Quality of malic acid has varied
widely from manufacturer to manufacturer and even from lot to lot from the same
source. The Codex specifications will result in a much more uniform product, par-
ticularly since the presence of fumaric acid and maleic acid as impurities is inherent
in some chemical syntheses.

Standard Test Methods

The FCC procedure for determining maleic and fumaric acids in malic acid is
“based on a polarographic method. A gas chromatographic procedure based upon the
trimethyl silyl derivatives has been developed (66) but it has not been published nor
is it yet an official Food Chemicals Codex method. .
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Uses

Usage has been limited to date; however, it is expected that the market will
expand as a result of greater availability. .

The U.S. Food and Drug Administration has declared malic acid to be “GRAS”
(generally recognized as safe) (67). Only the levorotatory malic acid isomer has
approval in the U.S. for use as a “‘synthetic flavor” (68).

Extensive evaluations have been conducted in the food industry with malic
acid in & wide variety of formulations. Applications to date bave been restricted to
gpecialty items. Malic acid reportedly enhances the flavor of fruit products, such as
those from apples, peaches, and cherries (61).

Malic acid is the acidulant employed in & new peach drink being offered by a
packer in Georgia (69). A confectionery product which consists of dextrose, malic
acid, and a fruit flavor in tablet form is being promoted. One malic acid manu-
facturer promotes his product by distributing apple-flavored hard candy to potential
customers. Another manufacturer using malic acid in some of his ice-cream fountain
syrups claims better fiavor. A pharmaceutical manufacturer in the United Kingdom
is offering “‘teeth-cleaning tablets” which contain malic acid (12).

The use of citric acid to protect the pectin during its recovery from orange peels
is known (70). Since malic acid is the major acid found in orange peels and eitric
predominates in the pulp (71), malic acid may find use in this application.

The relationship of malic acid to the flavor of tobacco and its incorporation into
tobacco products to improve flavor are described in a patent (72). Malic acid deriva-
tives are claimed to impart enhanced flavor (73). Polyester and alkyd resins formed
from malic acid are used to a limited degree as plastics (74). The addition of malic
acid to a shellac or varnish paint containing MgSi0; is claimed to prevent skinning
(75). The esters of malic acid are reported to prevent spattering of oleomargarine and
other cooking fats (76). :

Sodium malate is reported to be valuable in hepatic malfunctioning, especially
in hyperammoniemia. Sodium malate is also reported useful as a condiment in salt-
free diets since it has a flavor much like that of sodium chloride (12).

Calcium malate can be used as a stabilizer for calcium lactate injections (77).
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MALONIC ACID AND DERIVATIVES .

Malonic acid (propanedioic acid (IUPAC), methanedicarboxylic acid), HOOC-
C1.COOH, was discovered by Dessaignes, who isolated it as a product of the oxi-
dation of malic acid, HOOCCHOHCH,COOH, and for this reason named it malonic
acid. Von Lippmann found the calcium salt of the acid as a constituent of beet juice.
The first syntheses were carried out by Kolbe and Miiller, essentially in the same way
as the acid is prepared today. The literature on malonic acid and its derivatives is
so voluminous that only a brief survey of its chemistry can be given here. Malonic
acid derivatives are used in the preparation of barbituric acid, vitamins B, and Bs,
amino acids, and hypnotics. :

Malonic acid, as a member of the class of dicarboxylic acids (see Vol. 1, p. 243),
shows all the reactions of aliphatic dicarboxylic acids. In two respects, however, its
behavior is fundamentally different from that of its homologs. It easily loses one
carboxylic group as carbon dioxide, and the methylene group shows a pronounced re-
activity. Both properties are due to the grouping —COCH,CO— of B-dicarbonyl
compounds which, besides malonic acid, comprise f-keto acids like acetoacetic acid
and g-diketones (see p. 147).

Physical and Chemical Properties

Physical Properties. Malonic acid is trimorphic; there are two triclinic forms,
one stable up to 94°C and one unstable, and a monoclinic form stable above 94°C.
It is very soluble in water and alcohols. In pyridine and ether the solubility is 5-10%.
The alkali salts are also very soluble in water. The barium and lead salts are insoluble
and can be used for the determination of the acid.

The melting and boiling points of the more important functional derivatives of
malonic acid are listed in Table 1, and the boiling points of some technically important
C-substituted malonic esters in Table 2.
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and 1 ml. of hydrochloric acid, dilute to 100.0. ml. with water, and mix.
Transfer 50.0 ml. of this solution into a 250-ml. Erlenmeyer flask, add
10 ml. of ammonia-ammonium chloride buffer T.S. and 12 drops of
eriochrome black T.S., and titrate with 0.1 M disodium ethylenedi-
aminetetraacetate until the wine-red color changes to pure blue. Each
ml. of 0.1 M disodium ethylenediaminetetraacetate is equivalent to
12.04 mg. of MgSO..

Loss on ignition. Weigh accurately about 1 gram in a crucible,
heat at 105° for 2 hours, then ignite in a muffle fumace at 450° £ 25° to
constant weight.

Arsenic. A solution of 1 gram in 10 ml. of waber meets the require-
ments of the Arsenic Test, page 865.

Heavy metals. A solution of 2 grams in 25 ml. of water meets the
requirements of the Heavy Metals Test, page 920, using 20 mcg. of lead ion
(Pb) in the control (Solution A).

Selenium. A solution of 2 grams in 40 ml. of dilute hydrochloric
acid (1 in 2) meets the requirements of the Selenium Limit Test, page 953.

Packaging and storage. Store in well-closed containers.
Functional use in foods. Nutrient; dietary supplement.

MALIC ACID
pL-Malic Acid; Hydroxysuccinic Acid
‘ HOCHCOOH
éHaCOOH -
CHO, ‘ © Mol. wt. 184.09

DESCRIPTION : :

‘White or nearly twhite, crystalline powder or granules having a
strongly acid taste. One gram dissolves in 0.8 ml. of water and in 1.4
ml. of alcohol. Its solutions are optically inactive.

SPECIFICATIONS

Assay. Not less than 99.5 percent of C.H;O.

Melting range. Between 130° and 132°.

Limits of Impurities
Arsenic (as As). Not more than 3 parts per million (0. 0003 per-
cent).
Funr)taric acid. Not more than 0.5 percent.
Heavy metals (as Pb). Not more than 20 parts per million (0.002
percent).
Lead. Not more than 10 parts per million (0.001 percent).
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).0 ml. with water, and mix. Maleic acid. Not more than 0.05 percent.
0-ml. Erlenmeyer flask, add Residue on ignition. Not more than 0.1 percent.
1ffer T.S. and 12 drops of Water-insoluble matter. Not more than 0.1 percent.
.1 M disodium ethylenedi-
-hanges to pure blue. Each TESTS
traacetate is equivalent to Assay. Dissolve about 2 grams, accurately weighed, in 40 ml. of
) recently boiled and cooled water, add phenolphthalein T.S., and titrate
sbout 1 gram in a crucible, with 1 N sodium hydroxide to the first appearance of a faint pink color
fe furnace at 450° = 25° to X which persists for at least 30 seconds. Each ml. of 1 N sodium hy-
droxide is equivalent to 67.04 mg. of C.HeOs.
_ of water meets the require- Melting range. Determine as directed in the general procedure,
page 931.
in 25 ml. of water meets the Arsenic. A Sample Solution prepared as directed for organic com-
920, using 20 mcg. of lead ion pounds meets the requirements of the Arsenic Test, page 865.
] . Fumaric and maleic acids
0 ml. of dilute hydrochloric \ Buffer Solution A. Dissolve 74.5 grams of potassium chloride in
selenium Limit Test, page 953. 500 ml. of water in a 1000-ml. volumetric flask, add 100 ml. of hydro-
ose”  ‘ntainers. “wr oy -* chloric acid, and dilute to volume with water.
tar  pplement. Buffer Solution B. Dissolve 171.0 grams of dibasic potassium phos-
) ) phate, K;HPO..3H.0, in 1000 ml. of water, and add monobasic po-
{ tassium phosphate, KH:PO,, until the pH is exactly 7.0.
; Maxima Suppressor. Dissolve, with the aid of a magnetic stirrer,
‘ 1 gram of gelatin in 65 ml. of hot, boiled water, and, after cooling, add
2 : 35 ml. of anhydrous ethanol as a preservative.
accinic Acid ' Standard Solution. Weigh accurately about 20 grams of the sam-
: ple, 100 mg. of fuinaric acid of the highest purity available, and 10 mg.
- of maleic acid of the highest purity available, and transfer into a 500-
ml. volumetric flask. Add 300 ml. of sodium hydroxide T.S. and a
Mol. wt. 134.09 ' few drops of phenolphthalein T.S., and then continue the neutraliza-

rwder or granules having a
1 0.8 ml. of water and in 1.4
- inactive.

HO:.

mrts per million (0.0003 per-

=rcent.
= 20 parts per million (0.002

fili.  J.001 percent).

ey
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" at least 30 seconds.

tion with sodium hydroxide T.S. to a faint pink color that persists for
Dilute to volume with water, and mix.

Sample Solution. Transfer about 4 grams of the sample, accurately
weighed, into a 100-ml. volumetric flask, and dissolve in 25 ml. of
water. Add phenolphthalein T.S., and neutralize with sodium hy-
droxide T.S. as directed for the Standard Solution. Dilute to volume
with water, and mix. :

Procedure. Transfer 25.0-ml. portions of the Sample Solution into
geparate 100-ml. volumetric flasks. Dilute one flask (Sample A) to
volume with Buffer Solution A. To the other flask (Sample B) add 50
ml. of Buffer Solution B, and dilute to volume with water.

Rinse a polarograph cell with a portion of Sample A, add a suitable
volume of the solution to the cell, immerse it in a water bath regulated
at 24.5° to 25.5°, add 2 drops of the Maxima Suppressor, and then
de-aerate by bubbling nitrogen through the solution for at least 5
minutes. Insert the dropping mercury electrode (negative polarity)
of a suitable polarograph, adjust the current sensitivity as necessary,
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and record the polarogram from —0.1 to —0.8 volt at the rate of 0.2
volt per minute, using a saturated calomel electrode as the reference
electrode. Transfer 25.0 ml. of the Standard Solution into a 100-ml.
volumetric flask, and dilute to volume with Buffer Solution A. Obtain
the polarogram of this standard (Standard A) in the same manner ag
directed for Sample A. 1In each polarogram, determine the height of
the maleic acid plus fumaric acid wave occurring at the half-wave poten-
tial near —0.56 volt, recording that for the sample as i, and that
for the standard as i,.

In the same manner, obtain polarograms from Sample B and
Standard B, except record the polarogram from —1.05 to —1.7 volts
at the rate of 0.1 volt per minute. In each polarogram, determine the
height of the maleic acid wave occurring at the half-wave potential
near —1.33 volts, recording that for the sample as Z,’ and that for the
standard as i,’.

Calculation. Calculate the weight, in mg., of combined maleic
acid and fumaric acid in the sample by the formula 500C X i,/@, —
#y), in which C is the concentration, in mg. per ml., of combined maleic
acid and fumaric acid in the Standard Solution. Similarly, calculate
the weight, in mg., of maleic acid in the sample by the formula 500C" x
&'/, — iy’), in which C’ is the concentration, in mg. per ml., of
maleic acid in the Standard Solution. F inally, calculate the weight of
fumaric acid in the sample from the difference in these values.

Heavy metals. A solution of 1 gram in 25 ml. of water meets the
requirements of the Heavy metals Test, page 920, using 20 mcg. of lead
jon (Pb) in the control (Solution A).

Lead. A Sample Solution prepared as directed for organic com-
pounds meets the requirements of the Lead Limit Test, page 929, using
10 mcg. of lead ion (Pb) in the control.

Residue on ignition. Ignite 2 grams as directed in the general
method, page 945,

Water-insoluble matter. Dissolve 25 grams in 100 ml. of water,
-and filter through a tared Gooch crucible. Wash the filter with hot
water, dry at 100° to constant weight, cool, and weigh.

Packaging and storage. Store in well-closed containers.
Functional use in foods. Acidifier; flavoring agent.
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- 48: § The role which the organic acids play in plant metabolism is not well P ¢
] understood. The work of PucHER, VICKERY, and WageMmax (4, 5,6, 7, 8, . 3 ¢
OBTH, ~ 9) on tobacco and other plant materials has opened the way for many in- 1. :

herml- ) " vestigations on total organic acids and on the various individual organic , g
ud in acids such as malie, oxalic, pyruvic, eitric, and suecinic. In our investiga- “ ':
tions on the acid content of apples the need was felt for a rapid and reliable g {
“ORTH, - ~ method for the estimation of mixtures of succinic and malic acid. While -} 'g b
. L ' . the existing methods for the determination of the total organic acid are ; .-‘.:
Expt. “ " telatively simple, the determination of succinie acid as suceinyl p-toluide bk c’j‘" b
7 B was-not entirely satisfactory because of the difficulty of the processing of ?‘H:

1 a}1d a large number of samples through all the steps of the method. v
"‘?phed ‘ ' The fluorometric spot test described by FEIGL (1) for the estimation of ‘ g’r ;
+3-409. . ) dicarboxylic acids seemed promising for development into a rapid quanti- i ﬁ 5
tative method. In this method the acids are heated with resorcinol and con- c ¢

7]

centrated sulfuric acid and upon addition of alkali the fluorescence in ultra-
violet light is measured. FEIGL (1) states that s djcarboxylic acids with
the carboxyl groups in the 1,2 or 1,4 positions or their derivatives, such

. a8 esters, anhydrides, or imides, form dyes of the fluorescein type on melt-
ing with resorcinol,”’ and these give a vivid greenish-yellow fluorescence in

~ alkaline solutions by daylight and a greenish-blue fluorescence in ultraviolet
light.
Under the conditions described by Feigl, malic acid forms semi-alde-
hydes of malonic acid or its homologues which condense with resorcinol to

~ umbelliferone or its homologues, and these fluoresce a brilliant blue in alka-

" line solution under the mercury vapor lamp. It was found, however, that

"% this solution is not stable in an alkaline reaction and the intensity of the
fluorescence fades upon standing in aqueous solution at room temperature.
PrivasHEIM (3) states that in general any photoluminescent substance has

an absorption band in the spectral region immediately adjoining the short-

wave limit of the luminescence band and even somewhat overlapping it.

Red, therefore, is excited by orange light, yellow, by green, green, by blue,

a9y n

e aa e o LV Are Forrw awasn

. i and violet by ultraviolet.

1 Published with the approval of the Director of the Michigan Agricultural Experi- s
4 ment Station as journal article no. 757 n.8. . d

k 2 Present address: John Bean, Division Food Machinery Corp., Lansing, Mich,
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444 'PLANT PHYSIOLOGY /’

It was found that fluorescein shows a brilliant green fluorescence in
alkaline solution if activated by the spectral region between 420 and 320
millimicrons isolated by Corning filters 3389 and 5551. The fluorescence
is still more intense in acid solution (pH 1.5 to 2.0), a fact used to advan-
tage in the measurement of the fluorescein derivative of succinic acid in
the presence of the umbelliferone formed by malic acid, since umbelliferone
does not-fluoresce in acid solution. These facts scemed to offer a basis
for determininy these acids quantitatively.

A Pfaltz and Bauer Fluorophpotometer was used throughout this work
for measuring intensity of fluorescence. In the determination of succinie
acid the instrument is calibrated with a standard solution of fluorescein.
Using Corning filters No. 3389 and 5551 for transmission of the exciting
light and Corning filters No. 3486 and 3387 as the secondary filter combi-
nation, the instrument is adjusted so that the galvanometer reads 100 per
cent. for the fluorescence of a slightly acid solution containing 50 micro-
grams of fluorescein per 100 ml.

The blue fluorescence of umbelliferone is apparently of about the same
wave length as the blue fluorescent light emitted by quinine sulfate when
illominated by ultraviolet light and a standard quinine sulfate solution can,
therefore, be used for setting the instrument for quantitative determina-
tions of malic acid. A Corning filter No. 5970 is used as the primary filter
and for the secondary filters in the pick-up unit, Corning filters No. 4308
and 3389 are used. The fluorophotometer is adjusted to read 100 per cent.
fluorescence for a solution containing 300 micrograms of quinine sulfate
per 100 ml. o

In order to obtain a straight line relationship between the concentration
and the intensity of fluorescence of a substance, it is necessary to determine
the proper range of concentration to use. Since the fluorescence of a sub-
stance is not proportional over all ranges of concentration, there is an up-
per limit to the concentration which can be used. Higher concentrations
do not yield correspondingly greater fluorescence and the fluoreseence may
actually become less with inereasing concentration. This behavior becomes
very important when testing the fluorescence of samples of unknown con-
centration. o

Determination of succinic acid

The detection and quantitative estimation of succinic acid has been
carried out as follows: a stock solution containing 1 mg. of succinic acid per
ml. is used to make the standard solutions for the subsequent calibration
curve. For the preliminary work, three concentrations of 5, 10, and 15 mg.
succinic acid per 100 ml. should be used. Two-ml. aliquots of these solu-
tions are transferred to 5-ml. beakers or erucibles and evaporated to dry-
ness in an oven at a temperature between 70° and 100° C. The beakers
containing the succinic acid residue are cooled to room temperature and
the dry succinic acid is moistened with 0.04 ml. of pure concentrated sul-
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BARR: MALIC AND SUCCINIC ACIDS 445

foric acid. This is stirred with a glass rod and about 10 mg. of freshly
sublimed resorcinol are added and again stirred thoroughly to insure com-
plete mixing of the resorcinol with the succini¢ acid-sulfuric acid mixture.
The beakers are then placed in an oven at 126°-130° C. for one hour to
allow the reaction to go to completion. The effect of time on the develop-
ment of the fluorescence is-discussed in another part of this paper.

When the reaction is complete, the samples are removed from the oven

and cooled to room temperature. About 2 ml. of distilled water are added
to dissolve the products. The solutions are transferred quantitatively to
200-ml. volumetric flasks, made to the mark with distilled water and mixed.
Ten-ml. aliquots of these solutions arc then transferred to 100-ml. volu-
metrie flasks, 2 to 4 drops of (1 + 1) sulfurie acid are added to bring the pH
to 1.5 to 2.0, and diluted to the mark. Portions of these solutions are used
for the fluorescence tests. There are several steps in the procedure which
" are rather critical. No difficulty should be encountered, however, if a uni-
. form technic is established. A reagent blank must be run with each set
of determinations. The 5-ml. beakers containing the samples are conven-
iently handled by setting them in a small tray which can be placed in the
“oven. Twenty-five or thirty samples can be easily processed at a time in
this way..
Discussion

It was found that the fluorescence of the succinic acid derivative may
-vary appreciably according to the order and manner of adding, and
amount of reagents used. For example, it is essential that the dry suc-
cinic acid sample be moistened with 0.04 ml. of pure concentrated sulfuric
‘acid before the resorcinol is added and the intensity of the fluorescence is
decreased by the use of greater amounts of sulfuric acid. A quantity of
resorcinol far in excess of the theoretical amount is required to insure
complete reaction of all of the succinic acid present. The resorcinol should
be freshly sublimed and powdered in an agate mortar and preliminary
tests made to determine the requirements under the existing conditions.
A small glass spatula or spoon can be made for dispensing the resorcinol.
If a large excess of resorcinol is used, the reaction produects may have a
dark red color after treatment at 130° C., but the sensitivity of the tests
is not altered. Neither is the sensitivity affected by the presence of malic
acid in concentrations up to 15 micrograms per 100 ml. When a sample
containing malic acid instead of distilled water is used as a reagent blank,

. a slightly higher fluorescence may be obtained for the blank reading but

this is taken into account in calculating the net readings.

The suceinic acid derivative is reasonably stable for several hours in
the final dilute acidified solution. The intensity of the fluorescence will
fade appreciably, however, if the samples are allowed to stand more than
48 hours. Fading has been observed also when the samples were allowed
to remain longer than two hours in the 200-ml. volumetric flasks before
aliquots were taken for fluorescence readings.
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TABLE I

THE EFFECT OF VARYING QUANTITIES OF SULFURIC ACID UPON INTENSITY OF FLUORESCENCE

INTENSITY OF FLUORESCENCE"

ML. OF SULFURIC ACID USED

SUCCINIC ACID MALIC ACID
0.02 . 89.0 100.0
92,0 | 97.0
0.04 93.0 ) 99.0
96.0 98.0
0.06 . 96.0 100.0
. . 85.0 . 98.0
"0.08 , 680, ' . 130
. - . 78.0 : ) 26.0

® The values given are per cent. of light emitted as determined by use of the
Fluorophotometer. -

Crystallization of the resorcinol-sulfuric acid-organic acid mixture oc-
curred before the samples were placed in the oven at 130° C. when more
than 0.04 ml. of sulfuric acid was used with the quantity of resorcinol em-

‘ployed. In all cases the samples which did not erystallize fluoresced with

greater intensity than those which erystallized.

Data are presented in table II which are typical of the results obtained
repeatedly in testing the reliability of the succinic acid measurements in
pure solution. These data are the results of six different sets of determina-
tions with from two to five replications per set. Replications are indi-
vidual samples carried through all the steps in the procedure and repre-
sent 2-ml. aliquots taken from standard solutions for evaporation.

) Determination of malic acid ,
The procedure for the determination of malic acid is essentially the
game as that used for succinic acid up to the step where the fluorescence
is to be measured. Two-ml. aliquots of solutions containing 5, 10, and 15
mg. of malic acid per 100 ml. are evaporated to dryness and treated with

TABLE II ’

FLUORESCENCE INTENSITY OF THE FLUORESCEIN DERIVATIVE OF SUCCINIC ACID CONCENTRA-
TION OF SUCCINIC ACID IN MICROGRAMS/100 ML.

5 10 15 5 10 15
20.5 61.5 87.5 31.0 62.0 84.0
32.0 62.0 86.0 32.0 62.0 87.0
33.0 §56.0 86.0 25.5 58.5 85.5
3.0 54.0 84.0 28.5 53.5 84.5
32.0 56.0 87.0 20.5 60.5 85.5
33.0 56.0 87.0 33.0 63.0 91.0
315 56.5 83.5 33.0 63.0 92.0
29.5 57.5 80.5 31.0 58.0 85.0
275 62.5 84.5
32.0 59.0 88.0 Av. 30.91

Av.589 __ Av.86.02

o - a——
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concentrated sulfuric acid and resoreinol, heated at 130° C. for 1 hour,
transferred to 200-ml. volumetric flasks and made to the mark.

In the determination of the fluorescence of the malic acid derivative,
10-ml. aliquots of the solutions from the 200-ml. volumetric flasks are
transferred to 100-ml. volumetric flasks and 1 ml. of 0.1 N NaOH are
added before diluting to the mark. This brings the pH of the solution to
about 10.5 at which maximum fluorescence is obtained. The fluorescence
of these solutions must be measured without delay to avoid fading since
the umbelliferone derivative is not stable at room temperature for more

_than an hour. Fluorescence intensities of the derivatives of succinic and

malic acid in various concentrations are given in table IIT and the data
are shown graphically in figure 1.
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F1a. 1. The relation of succinic and malic acid concentration to the fluorescence
of tl_wir resorcinol derivatives. (A) Suceinic acid. (B) Malic acid.

DiscussioNn

. At the outset it was found that alkaline solutions of the malic acid de-
rivative appeared to be highly unstable. Fluorescence values were not
uniform for replicate samples and the intensity decreased rapidly upon
standing. If the samples were allowed to remain in a strongly alkaline

.reaction for 24 hours, the fluorescence dropped to about one-third of the

original value and after two or three days the fluorescence was almost com-
pletely lost. The fluorescence could be restored and sometimes increased,
however, by adding sulfuric acid to bring the pH to about 2 and again
shifting the reaction back to pH 10 to 11 by the addition of sodium hy-
droxide solution. Further study showed that the rate of fading was
somewhat dependent upon the concentration of the sodium hydroxide solu-
tion used. The addition of strong alkali (2 drops of 20 per cent. NaOH)
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Ta. 2. Fading in fluorescence of the malic acid derivative after the addition of
W alkali. (A) 1ml of 0.1 N NaOH. (B) 0.04 ml. of 20% NaOH.

caused a very rapid decay of fluorescence (a loss of about 30% in intensity
after 4.5 hours). One ml. of 0.1 N sodium hydroxide added to the aliquot
pefore making to volume, however, resulted in & loss of about 15 per cent.
after 6.5 hours (Fig. 2)- Fluorescence measurements can be made, there-
fore, on dilute solutions of the malic acid derivative in weakly basic reac-
tion with minimum chance for error if the readings are made within a few
minutes after the addition of the alkali.

Acid solutions of the malic acid derivative are stable indefinitely and
it may be convenient, therefore, t0 pipette the appropriate aliquots into
volumetric flasks, make to volume and mix, and add 2 to 4 drops of 0.1N
godium hydroxide dropwise to a portion of the sample in the fluorometer
cell just before making the reading. :

Fluorescence of the succinic and malic acid derivatives as affected by time
of heating

FmoL (1) states that positive results for dicarboxylic acids may be ob-
tained in the spot test technic by conversion into dyes of the fluorescein
type upon beating the resorcinol melt at 130° C. for five minutes. It was

~“ found that the heating time of five minutes used in Feigl’s spot test led to
erratic results indicating an incomplete conversion in dyes of the fluorescein

type. We determined that, the maximum fluorescence is obtained -after

TABLE III

THE EFFECT OF CONCENTRATION ON INTENSITY OF FLUORESCENCE

s
S——

INTENSITY OF FLUORESCENCE OF CONDENSATION PRODUCT

TION IN -
MICROGRAMS/100 ML SUCCINIC ACID* Mavic Aciot
25 . : 140 193
5.0 . 30.7 ) 343
75 419 475
10.0 58.5 63.3
125 71.0 76.8
15.0 : 849 89.0

i
] -
‘ ® Fluorescein derivative of suceinic acid, pH 1.5. Wave length of activating light

ﬂ ; ‘between 420-520 millimicrons.
4 Umbelliferone derivative of malie acid, pH 10.5. Wave length of activating light
>

K between 320420 millimicrons.
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; N TABLE IV

INTENSITY OF FLUORESCENCE AS AFFECTED BY TIME OF HEATING

—

INTENSITY OF FLUORESCENCE

MINUTES REATED
Buvccixic acip MAvLic Acip

10 min, 60.5* 12.04 83.5
20 min. 64.5 23.5 92.0
. 30 min, 85.0 24,0 83.0
. 45 min, 86.5 ) 474 . 97.0
" 60 min. 98.5 79.0 87.0
75 min, 80.5 76.7 93.5
90 min. 92.0 775 86.5
105 min. 95.0 78,7 875
120 min, 92.0 79.3 89.5

* Heated with 0.04 ml, of _sulfuric acid. t Heated with 0.06 ml. of sulfurie acid.

‘heating the mixture for one hour at 130° C. The results of these experi-
ments are assembled in table IV,

Detection of succinic and malic acids in pure and in mixed solutions

- Using solutions of known concentration, a calibration curve, for use in
the estimation of unknown amounts of suceinic and malie acid, should be
construeted with each set of determinations. In quantitative fluorometric
analysis, the accuracy of measurement decreases as the values approach
either extreme of the galvanometer scale, Disci'epancies, therefore, are to
be expected in detecting organic acids in concentrations less than 5 miero-

TABLE Vv
DrTeRMINATION OF SUCCINIC AcmD IN MIXED SOLUTIONS OF MALIC AND SUCCINIC ACIDS
AXMT. OF OBGANIC ACID PRESENT Ner MicrogRaAMS OF  VariArTioy FROM
(MICROGRAMS /100 ML) FLUORESCENcE  SUCCINIC ACID THEORETICAL
SUOCINIC MAUO . DETERMINED (mCROGRAMS)

0.0 5.0 0.0 0.0 —

1.0 5.0 6.1 1.0 0.0

20 . - 5 10.0 1.7 -0.3

40 5.0 210 3.6 -0.4

5.0 5.0 245 4.2 ~0.8

0.0 10.0 0.0 0.0 [

10 10.0 5.0 0.8 . -0.2

2.0 10.0 9.0 15 -0.5

4.0 10.0 24.0 4.1 +0.1
X 10.0 31.0 5.3 +0.3

- 10.0 10.0 55.0 84 ~0.6
0.0 15.0 0.0 0.0 [
1.0 15.0 8.3 14 +04
20 15.0 14.0 24 +04
4.0 15.0 25. 4.2 +0.2
5.0 : 15.0 310 5.3 +03
10.0 15.0 59.0 10.0 0.0
160 15.0 87.0 15.0 0.0
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450 PLANT PHYSIOLOGY

grams per 100 ml. when the instrument is calibrated for detection of quan-
tities ranging between 3 and 15 micrograws per 100 ml,

Various amounts of succinic acid were added to three different concen-
trations nf malic acid. Results of the sueeinic acid determinations are
ghown in table V. Estimations of succinic acid within one mierogram per
100 ml. were made and apparently the presence of malic aeid in the pro-
portions used had no important etfect on the aceuracy of the determinations.

Malic acid in pure solution can be determined with reasonable accuracy.
The presence of suceinie acid and other organic acids that yield substances
which show a bluish-green fluorescence under ultraviolet light after treat-

TABLE VI

THE E!’nCT OF VARYING QUANTITIES OF SUCCINIC ACID UPON THE INTENSITY OF
FLUORESCENCE OF MALIC ACID DERIVATIVES

AMT. OF ACID PRESENT

(IICROGRAMS/IOO )IL.) INTENSITY OF FLUORESCENCE FOR MALIC
MALIC SccciNie ACID (NET)
5 0 35.5
5 1 32.0
5 . 2 34.5
5 - 4 300
5 5 310
5. 10 35.0
5 15 31.0
10 0 625
10 1 65.0
10 2 61.5
}8 - ; 65.0
> 64.5
10 10 61.0
- 10 15 64.0
15 0- 88.5
15 1 88.0
- 15 24 89.0
15 90.0
15 -5 89.0
- 15 . 10 88.0
15 15 91.0

ment with resorcinol and sulfuric acid increase slightly the apparent malic
acid values. Some of this fluorescence is sereened out, however, by the sec-
ondary filters. The fluorescence of the succinic acid derivative, further-
more, is quenched materially in the presence of comparable concentrations
of umbelliferone. In this connection it should be pointed out also that the
fluorescence of the fluorescein, produced by small amounts of suecinic acid
which may be present, is not effectively excited by the relatively low light
requirements of the activating beam used for malic acid determinations
(table VI). .

Results of studies on the recovery of malic acid in the presence of vary-
ing amounts of succinic acid are presented in table VIL
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AMT. OF ORGANIC ACID NET OF MALIC FROM THEO-
PRESENT (MICROGRAMS/100 ML.)  ppyorescevcE ACID DETER- RETICAL
. MINED (MICROGRAMS)
MavLic SucciNic :
5.0 0.0 0.0 — —
5.0 2.0 164 2.6 +0.6
5.0 4.0 24.4 39 -0.1
5.0 5.0 30.9 4.9 ~0.1
10.0 0.0 0.0 — -
- 10.0 2.0 18.0 238 +0.8
10.0 4.0 23.0 3.7 -0.3
10.0 5.0 27.6 4.4 -0.6
10.0 T 100 59.0 9.4 -0.6
15.0 0.0 0.0 ) — R
. 15.0 2.0 15.0 24 +0.4
Co. 15.0 4.0 -25.0 4.0 0.0
s - 15.0 5.0 315 5.0 . 00
. / 15.0 10.0 65.3 104 +0.4
15.0 15.0 88.0 -14.1 -09
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TABLE VII

DrrERMINATION OF MALIC ACID IN MIXED SOLUTIONS OF SUCCINIC
AND MALIC ACIDS

Féif 03¢37150AUT 03 pPoZan.si~

Detection of succinic and malic acids in plant extracts

A method for determining succinic and malie acids in pure solutions
and in solutions of mixed pure organic acids to be of value must be suit-
able for the analysis of extracts of biologieal tissue. The organic acid

. fraction was extracted from apple tissue by a method essentially as de-
seribed by Isiacs and Broyer (2). Aliquots of 2, 5, and 10 ml. of uni-

. form samples of the extract were diluted to 100 ml. and designated as
samples A, B, and C. Determinations of malic acid were made by the fiuoro-
metric method described above and compared with the results obtained by
the oxidation method of Pucher and' Vickery. The results are shown in )
table VIII. .

esults of the fluorometric method of analysis for the determination of
suceinic and malic acid in apple tissue extracts containing known addi-
tional amounts of these acids are presented in table IX. Our studies

TABLE VIII
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ESTIMATION OF MALIC ACID IN APPLE TISSUE EXTRACT

MALIC AcID CONTENT IN MG./ML. OF ORGANIC ACID EXTRACT"

SanrLr
) FLUOIOMETRIC METHOD OXIDA'HON METHOD
A . 180 1.90 Cg
B 2.16 2.00 .
c 2.56 245 ;

"* Each m, organic acid extract represents 2.00 gm. fresh apple tiasue.
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F16. 8. Intensity of fluorescence as affected by time of heating. (A) Malic acid—
using 0.04 ml. of sulfuric acid in the reaction. (B) Succinic acid—using 0.04 ml. of
sulfuric acid in the reaction. (C) Succinic acid—using 0.06 ml. of sulfuric acid in the
reaction, ' :

showed the estimations for malic acid can be made with about the same de-
gree of accuracy as those for succinic acid. Most accurate results are ob-
tained when the fluorometric readings are between 30 and 80 on the scale
of the galvanometer, D‘

Determinations were made by the fluorometric method of suceinie and
malic acid in tobaceo and corn leaf-tissue. The succinic acid content of

N TABLE IX

DI:I'EBKINATION OF BUCCINIC AND MALIC ACIDS IN EXTRACTS
~ OF APPLE TISSUE

8uccinie acip

i MICROGRAMS /100 ML. VARIATION
Nrr FROM
PLUORESCENCE . ToraL THEORETICAL
PRESENT _ ADDED PRESENT DETERMINED (MICROGRAMS)
7.0 1.0 0.0 1.0 1.2 +0.2
17.0 1.0 2.0 3.0 2.9 -0.1
30.0 1.0 4.0 5.0 5.1 0.0
345 1.0 5.0 6.0 5.8 -0.2
60.3 1.0 10.0 11.0 10.2 -0.8
88.0 1.0 15.0 16.0 15.0 -1.0
Mavuic acip
MicroarAMS /100 ML.
35.8 5.0 0.0 5.0 5.4 +04
43.5 5.0 2.0 7.0 6.9 -0.1
47.0 5.0 2.5 7.5 7.5 0.0
61.5 5.0 5.0 10.0 8.8 -0.2

74.0 6.0 75 12.5 12,1 ~0.4
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0.15 per cent. (fresh weight basis) for tobaceo and corn leaves, respectively.

The malic acid content of plant tissue vurjes materially with the species
and with the part of the plant studied. T.eaf tissue, in general, is rela-
tively low in malice acid content, while fruits, especially apples, usually
contain appreciable quantities, Furthermore, sucecinie acid normally_ con-

“stitutes only a small percentage of the total oro
presence of naturally occurring suceinic acid will ordinarily have prac-
tically no effect on the malic acid determinations., The malic acid deriva-
tive shows virtually no fluorescence in acid reaeti

is troublesome in evaluating the malje acid content,

Preliminary investi-
gations have shown a direet relationship between flyo

ivative. The fluoro-
when only malie, or
malic and succinic are present. In the presence of eitric acid the total -

ic may be determined angd the malic acid
content calculated by difference after determinin

acid by some other means, The author

ion of the suecinie- and malic-acid deriva-
tives has been accomplished by controlling the exciting light and the reac-

. tion of the test solution. Dilute solutions of the sueeinic acid derivatives
show an intense green fluorescence in acid reaction when illuminated by
light of wave length 420 to 520 millimicrons. The malic acid derivative

shows virtually no fluorescence under these conditions but fluoresces a
.brilliant blue in basie solution under ultraviole
microns in length.
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! tion of the manuscript. Kind thanks are also due Miss Selma Bandemer
for her counsel during the early stages of this investigation.

MicHIGAN AGRICULTURAL EXPERIMENT STATION
EasT LANsING, MICHIGAN
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37. OCCURRENCE OF BIFUNCTIONAL MONO-TERDENIC COMPOUNDS IN BERGAMOT OIL.,
Braja D. Mookherjee, International Flavors & Fragrances (IFF-R&D), 1515
Highway 36, Union Beach, N. J. 07735,

AGFD AMERICAN CHEMICAL SOCIETY

Bergamot oil was subjected to molecular distillation to obtain volatile and

non-volatile materials. The volatile wmaterials were fractionated into in- -

dividual compunents by the coubination of both column and gas-liquid chro-
matography. The purc components thus isolated were analyzed by IR, NMR and
#S. By this technique a host of npew bifunctional mono-terpenic compounds
vere identified, viz,,

Cic Cac OAc OAc OH OH
i .
’ t
OH (2 isomers
~0 ~ HyOAc hOAc
OH

H OH CH20Ac " OCH3
' . tHooAC
he . | - OH

Both synthesis and the bilosynthesis of these compounds will be discussed,

38. ROLR OF GLYCINE IN TERPENE BIOSYNTHESIS, Aiax K. Bose and K.S, Khanchandani, De-
partuent of Chemistry and Chemical Engineering, Stevens Institute of Technology,
Hoboken, N,J, 07030,

Mevalonic acid (1) is generally considered to be a primary precursor of terpenes,
However, very often the poor incorporation of I in some terpenes has been sscribed to
difficu.ties of transport across cellular membranes, Since amino acids are known to be
easily transported through cell barrlers, we have examined the poasible role of some
anino acids in the biosynthesis of the sester-terpene ophiobolin B (11), Thf fungus
cochl fobolus miyabeanus was grown in a chenically defined medium containing “C ana 13¢
labeled compounds, The labeled ophicbolin B (L. Canonica et al, Tetrahedron Letters,
275 (1968)) obtalned this way wag examined by mass speetral and other methods, We have

that the incorporatfon of the methylene carbon of glycine is about 30 times higher than
that of the carboxy carbon, “he implications of these and other finding will be dis-
cussed, CH3

|
Cc~0H
C;EL \Cliz

i
Ho,e Cii,0H
1

TUESDAY AFTERNOON - SECTION C - SYMPOSIUM ON PROTEIN FROM PETROLEUM. THE
COMPETITION -~ Joint with Division of Petroleum Chemistry & Microbial Chemtsg-
try and Technology - Abstracts in Section PETR

WEDNESDAY MORNING - SECTION A - GENERAL - K. Morgareidge, Pregiding

39. THE DETERMINATION OF ORGANIC ACIDS IN PLANT AND FOOD PRODUCTS. W. R. Harvey, R. W.
Hale, and K. M. Tkeda. Philip Morris, Ine., Research Center, P,.0. Box 3D, Richmond,
Virginia 23206.

A simple method for the determination of malic, citric and
oxalic acids in tobacco leaf, fruits, and vegetables is presented.
A dry samplc is simultancously extracted and esterified with 10%
sulfuric acid in absclute mcthanol. The methyl esters formed from
this reaction are extracted into chloroform and determinecd gas
chromatographically, The proccdure is applicable for a wide
variety of samples. Good precision and recoveries are obtained.
Other organic acids could be determined via this procedure,

[T
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A mized sitica gel-cellulose support for thin-layer chromatography of
non-volatile organic acids

Thin-layer chromatography has been used in this laboratory in a study of ti
non-volatile organic acids in guaval. Difficulties were encountered in obtaining
adequate resolution of the acids on cellulose and on silica gel supports. The effecti-
veness of mixtures of the two materials for TLC supports was investigated and is .
subject of this note. Silica gel-cellulose supports have been used with varying degrees
of success for the separation of amino acids??. We found that a silica gel-cellulose
mixture eliminated the streaking found on cellulose and showed better resolution «f
acid spots than did silica gel alone.

Materials and methods : :

Mixtures of MN Silica Gel G and Cellulose MN 300 (Macherey, Nagel & Co.)’
were spread on glass plates 20 X 20 cm with a Desaga spreader. Silica gel was mixed
at 20, 30, 40, 50, 60, and 709, levels with cellulose. Total volume of water added
30 g of the mixture was 6 parts of water to each part of cellulose (w/w) plus 2 parts of
water to each part of silica gel (w/w). The silica gel-cellulose mixtures were blended
for 1 min in a Waring blendor, spread at a thickness of 300 u. Coated plates were left
to dry and set overnight at ambient temperature and activated at 110° for 1 h. Plates
were cooled and stored in a desiccator until used.

Three solvent systems were used. Solvent (I) anhydrous diethy! ether-88?,
formic acid-water (20:5:3); (II) #n-butanol-88°; formic acid-water (4:1:5); (III) ben-
zyl alcohol-fert.-butanol-isopropanol-889;, formic acid-water (24:8:8:1:8).

Mixtures of known organic acid solutions (50 mg/ml in 95%, ethanol) were ap-
plied in 1-ul quantities to the plates under a stream of warm air. The plates were
allowed to cool to ambient temperature and then were developed to a height of 10 to
12 cm. After development, the plates were dried overnight at ambient temperature.
Bromphenol Blue reagent (0.049%, in 95%, ethanol and 0.05%, sodium acetate} was
used to detect the acids.

Results and discussion

The use of silica gel-cellulose mixtures corrected major problems which arose
from use of either support individually. Mixtures with increasing percentages of
silica gel progressively eliminated the streaking found with use of cellulose. In ad-
dition, supports of cellulose mixed with silica gel permitted resolution of spots pre-
viously showing poor resolution® with silica gel as the sole ingredient. Plates with
lower percentages of silica gel proved easier to handle and spot, the support layer
being less brittle and more adhesive than higher percentage silica gel supports.

In order to determine the most satisfactory percentage of silica gel a mixture
was sought which gave the best resolution, least streaking and easiest plate handling.

* Reference to a comp%my or produet name docs not imply approval or recommendation
of the product by the U.S. Department of Agriculture o the exclusion of others that may be
suitable.

J. Chromatogr., 56 (1971) 330-331
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NOTES 331
The 60%, silica gel-409, cellulose mixture proved to be t}le most satisfactory
support. Plates required no special handling, and no difficulties were cncounte.red
during application of samples. Spots were distinct and compact with no streakxpg.
In addition, the incorporation of 60% silica gel with cellulose gave the bes.t scpnraltlo.n
i terms of giving the maximum differences in Ry values between malic and citric
and between ascorbic and tartaric acids in comparison to those from 20, 40, 50, and
70% levels of silica gel with cellulose.

TABLE I
RF VALUES (X 100) OF ORGARIC ACIDS ON 60%, SILICA GEL IN CELLULOSE DEVELOPED WITH THREE"
SOLVENT SYSTEMS

Acid Solvents
1 11 11

Kumaric 97 95 92
Adipic 97 92 9I
Glutaric 94 [+1e] 9_4
Succinic 38 88 87
Lactic 84 77 78
Oxalic 82 69 70
Malic 59 61 04
Citric 51 57 55
Pyroglutamic 61 52 72
Ascorbic 31 45 58
Tartaric 36 36 46
Quinic 20 26 37
Galacturonic o7 a9 18

Several non-volatile organic acids that are commonly found in plant matcri.al
were spotted on thin-layer plates of 60%, silica gel-409, cellulose and developed in
three different systems (Table I). The elution order was the same unde‘r t]u‘! three
different solvent systems with the exception of glutaric and pyroglutamic acids.

T. S. K. CuaNG

Hawaii Fruit Laboratory, ot ICHAN T

Agricultural Research Service,

U.S. Department of Agriculture,

in cooperation with the H await
Agricultural Experiment Station,
Honolulu, Hawaii 96822 (U.S.A.)

1 H. T. Cuay, J. E. BREXKKE AND T. CuaNG, J. Food Sci., in press.
2 D.T. N. PrLray axp R. MEHDI, J. Chromatogr., 47 (1970) 119.
3 N. A, Tur~NER AND R. J. REDGWELL, J. Chromatogr., 21 (1966) 129.
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~-Malic Amino
, ucid, Betaine, Acids,
- g/100 mg/100 meq/100
g mi mi
288 61.2 1.80
365 66.2 2.15
242 92.0 2.43
204 87.5 2.58
154 85.2 2.30
136 96.2 2.29
154 65.0 1.70
212 78.8 2.15
168 83.8 2.39
136 88.8 2.35
54 80.0 2.07
;54 87.5 . 2.46
R 91.2 2.40
.2 98.8 2.
I3 82.0 2.23
g 48.0 1.42
b 98.8 2.91
.4 70.2 1.94
2l 141 0.3
H 20 18
ELSATE Temple.

ispoli, G., Riv. Ital. 48,
“nem. Abstr. 66, 104169r

_~omo, A., and Rispoli, G.,
“er., Untv. Studi Messina
-1 Chem. Abstr. 68, 38178f
_18s0c. Public Analysts ‘4,

- Food Agr. 17, 316-320

zalysis, 10th Ed., Associn-
=tural Chemists, Washing-

—oter 20.

_.. Johmson, A. R., and
This Journal 51, 934-936

FERNANDEZ-FLORES ET AL.: L-MALIC ACID IN GRATE PRODUCTS

13

1153

[

Collaborative Study of a Mecthod for Determination of I-Malic Acid

in Grapes and Grape Products

By E. FERNANDEZ-FLORES, ARTHUR R. JOIINSON, and VICTOR H. BLOMQUIST -
(Division of Food Chemistry and Technology, Food and Drug Administration,

Washington, 1D.C. 20204)

The polarimetric method for the determina-
tion of [-malic acid in grape juice and grape
products has been further modificd by increas-
ing the amount of potassium acetate used,
adjusting the alcohiol wash concentration, and
utilizing a more eflicient filtration for the re-
moval of interfering tartrate salts, Collabora-
tors reported acceptable results and no diffi-
cultics were reported. It is recommended that
the method as modified be adopted as official
first action for the determination of [-malic
acid in grape juicc and grape products.

A collaborative study was recently reported of
48 polarimetrie method for the determination of I-
“malic acid in fruits and fruit products (1). Satis-
factory results were obtained for all fruits ex-
amined except grape juice and grape preserves.
The method used was a modification of tech-
niques previously developed by Hartmann 2)
and changes published by Vandercook (3). As a
resull of this study, the method was adopted as
official first action (4) for the determination of l-
malic acid in fruits and fruit products with the
cautionary note “(Not applicable to grapes’and
grape products.)”.

Further study indicated that modification of
the method by increasing the amount of potas-
sium acetate used to precipitate tartrates would
give satisfactory results, and the modified
method was subjected to collaborative study on
grape juice and grape preserve samples. Good re-
sults were reported (5) by all colluborators on
grape juice; however, two collaborators reported
low results on grape preserves.

Modifications subscquently found necessary to
obtain satisfactory results in the analysis of
grapes and grape products include: further in-
creasing the amount of potassium acetate used
to insure complete removal of the interfering
tartrate ion, allowing the mixture to stand over-
night to permit tartrate erystal growth and fucilis
tate fltration, and adjusting the alcohol content
to 85% for all washings of the lead salts.

METHOD
Preparation of Samnple

(a) Grape juice.—Weigh 125 g into 500 ml vol.
flask, add 1.0 ml satd KOAc soln and 200 ml absolute
alcohol, and mix. Dil. to vol. with absolute alcohol,
mix, and let stand overnight. Filter thru Whatman
No. 40 paper, or cquiv. .

(b) Grape prescrvcs and other high-sugar content
grape products~—Comminute and weigh 125 g into
500 m! beaker. Add 1.0 ml satd KOAc soln, 50 m!
H:0, and 200 ml absolute aleohol. Mix and quant.
transfer to 500 ml vol. flask with absolute alcohol.
Dil. to vol. with absolite aleohol, mix, and let
stand overnight. Filter thru Whatman No. 40 paper,
or equiv.

(c) Grapes.—Comminuie and weigh 125 g into
500 ml beaker. Proceed as in (a) except omit addn
of 50 ml H20.

Determination

Transfer 200 ml aliguot filtrate to 8 oz wide-mouth
bottle, 5 X 214" od, contg magnetic stirring bar.
Potentiometrically titr. 10 ml remaining filtrate to
pH 8.4 with 0.1F NaOIl. Cale. ml NaOH necessary
Lo neutze 200 ml nligquot. Add to bottle 0.6 ml satd
Pb(0Ac)z soln for each ml LY NaOIl caled to neutze
200 ml aliquot. Stir 10 min on magnetic stirrer and
centrif. 6 min at 1300 rpm. Test supernatant for com-
plete pptn with few drops satd Ph(OAc)z soln. De-
cant and wash ppt by stirring 5 min with 200 mi 85%
aleohol. Centrf. 5 min, decant, and repeat washing
step once. Add 25 ml H,O to ppt and mix well to
slurry. Proceed as in “Changes in Methods,”” This
Journal 51, 465-466 (1068), Dclermination, starting
with “Use pH meter and adjust pIl to 1.5 with
H2804 (149).”

Results and Discussion

Table 1 gives the results of the analyses of six
samples of grape juice, jelly, and preserves by
seven collaborators and shows the averages and
standard deviations. All results were satistactory
and the collaborators reported no difficulties with
the method. Values obtained by an eighth col-
laborator were considered invalid because the
procedure was not followed,

Table 2 gives recovery data for the puired sam-
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Table 1. Collaborative results for l-malic acid content

of various grape products -

Per Cent /-Malic Acid, Sample No.:*

Coll. 1 2 3 3 5 . 6
1 0.3 04 013 0.22 018 0.2
2 0.31 0.40 o011 0.21 0.17 0.25
3 0.32 0.4 0.1 0.20 0.17 0.25
4 0.33 042 010 0.21 0.15 0.23
5 0.31 0.42 0.11 0,20 0.17 0.25
6 0.33 043 0.1 0.20 0.16 0.23
7 0.30 040 0.0 020 0.16 0.25
Av. 0.32 041 o 0.21 017 0.25
Std dev. 0.01 0.01 -0.00 0.01 0.01 0.01

¢ 1, three parts Concord grape juice plus one part
water; 2, undiluted Concord grape juice; 3, grape jelly;
4, grape jelly plus 0.19 /-malic acid; 5, grape preserves;
6, grape prescrves plus 0.089% /-malic acid.

ples in Table 1 in which the second sample of each
pair contained an added known amount of l-malic
acid. Recoveries ranged from 95 to 1009, for
grape jelly and 96 to 1049, for grape preserves.

Recommendations
It is recommended that this method be adopted
as official first action for the determination of /-
malic acid in grapes and grape produets and that
the cautionary note (4, 5) be removed from the
method.

<

JOURNAL OF THE Ao0ac (Vol. §2, No. 6, 1969)

‘Table 2. Per cent recoveries for paired samples:
second sample of each pair co’nlain; added
known amount of l-malic acid

Per.Cent Recovery, Collaborator No.:
Sample 1 2 3 4 5 6 7
4 97 100 96 96 95 95 100
6 100 100 100 100 96 104 100
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MANOMETRIC DETERMINATION OF |(—) MALIC
ACID IN GRAPE MUSTS AND WINES!

GEORGE F. KOLAR?

INTRODUCTION

A convenient analytical method for the
determination of malic acid has long been
sought in winemaking research. The com-
monly used technique of permanganate
oxidation {7) is lengthy and tedious and,
unless great care in manipulation and
standardization of experimental conditions
is taken, the estimations of malate are
inconsistent.

The quantitative conversion of I[—)
malate into lactate and carbon dioxide oy
an inducible enzyme from washed resting
cells of Lactobacillus arabinosus {Strain
17 - 5} was first described by Korkes and
Ochoa in 1948 (3), and the enzyme system
responsible studied by Ochoa and others
(6. 1, 2). The decarboxylation of I—]
malic acid was then investigated by Nossal
who pointed out ifs analytical potential
(4, 5).

In the overall reacation

HOOC—CH,—CHOH-—-COOH
—— CH;—CHOH—COOH + CO,

the volume of carbon dioxide evolved is a
direct measure of |(—) malate present in
the sample. However, the possibility of an
additional evolution of carbon dioxide
from sugar and other grape constituents in
musts and the inhibition of the enzyme sys-
tem by ethanol in wine, made it necessary
to investigate the reaction further before
the method could be applied to these
products.

The following paper describes this work
and gives details of a practical antlytical

'‘Australian Wine Research Institute, Adelaide,

South Australia.

'Present Address:
Department of Chemistry,
School of General Studies,
Australian National University,
Canberra, A.C.T. Australia.
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method for the determination of |(—)
malic acid in grape musts and wines.

MATERIALS AND METHODS

Culturing Procedure: A subcuiture of
Lactobacilius arabinosus, obtained from
the Department of Biochemistry, University
of Adelaide, was maintained on a liquid
medium containing 2 per cent glucose,
2 per cent dl malic aciJ.) | per cent yeast
extract (Difco), | per cent extract or nu-
trient broth (Difco), | per cent sodium ace-
tate trihydrate, 0.1 per cent dipotassium
hydrogen orthophosphate: 5 mls of Salts
"B" Mixture of Wright and Skeggs were
added per liter of medium (9). This mix-
ture contained 40 mg MgSO..7 H,O,
2 mg NaCl, 2 mg MnSO,.4H,0 and 2 mg
FeSO,.7 H,O in | ml. The pH of the me-
dium was adjusted by 5.5 Ey addition of
sodium hydroxide, and the complete prep-
aration sterilized by heating in a steamer
for 20 minutes on 2 consecutive days. To
keep the organism in vigorous growth, par-
ticularly before starting analyses, it was
subcultural in Kimble te:t tubes of the
above medium every second day and the
culture kept at 30°C in an incubator.
A stock culture of Lactobacillus arabinosus
can be grown on slopes or stabs of nutri-
ent agar (Difco) and kept in a refrigerator
for several months without appreciable loss
of viability. A freeze-dried culture was
found to be viable after more than one
year's storage at room temperature. Bulk
cultures of the organism were grown for
24 hours at 30°C on the sbove described
medium in 2 liter conical flasks. They were
inocculated with 1-2 per cent of vigorously
growing subculture, approximately 4 tubes
per liter of medium. The cells {about 3 g
wet weight from | liter of medium) were
harvested by centrifuging, the culture me-
dium drawn off by means of a pump, and
the cells washed twice with 50 ml of dis-

tilled water. The harvested cells were sus-

pended in 30 ml | N KCI to which 0.45
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g MnCl, and 030 g KH,PO. had been

added. To prevent deterioration and
growth of contaminating microdrganisms,
the cell suspension, acetate buffer and the
reference solution of malic acid was stored
in & refrigerator at all times when not in
use. This volume of cell suspension was
sufficient for about 150 determinations.

Analytical Technique: Malic acid was
determined in a standard type Warburg
apparatus fitted with 15 ml flasks and cali-
brated to a reference point of 10 cm on
the manometers to extend the range of the
instrument. The gas phase was air and the
temperature of the bath 25°C.

Reagents: 1) A 3 M acetate buffer of
pH 5 prepared by dissolving 27.2 g sodium
acetate trihydrate and 6 g glacial acetic
acid and making up the volume to 100 ml
with distilled water. 2) 0.2 per cent solu-
tion of 1{—) malic acid. For accurate work
the purity of malic acid was checked by
paper chromatography and the concentra-
tion by titration against standard alkaii.
3) A suspension of Lactobacillus arabinosus
cells prepared as already described.

Procedure: The working procedure in-
volved pipetting 0.1 ml of acetate buffer
into the main compartment and side arm
of each Warburg flask, and 0.5 ml of
sample into the main compartment. This
was followed by 2 ml of distilled water
which was run out of a pipette down the
wall of the flask to wash off any adhering
substrate. The control was charged with
0.5 ml of 0.2 per cent |{—) malic acid
solution and the side arm of each flask
was carefully filled with 0.2 ml of Lacto-
bacillus arabinosus cell suspension. Follow-
ing temperature equilibration the cell sus-
pension was mixed with the substrate to
start the reaction.

Manometric readings were taken after
30 minutes as the evolution of carbon di-
oxide was usually complete by this time.
However, to ensure complete decarboxy-
lation the reaction was allowed to continue
and the manometers were read again after
5 and 10 minutes. The amount of malate
in the sample was calculated from the re-
corded readings, corrected for thermobar
change, and the appropriate flask con-
stant. Johnson's correction factor for the
retention of carbon dioxide in buffers was
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applied in computing the flask constants
(8). and the calculations were based on the

‘simple relationship that | umole of |(—])

malic acid liberates 22.25 ul carbon diox-
ide (I mg l{—) malic acid liberates 166
ul carbon dioxide). Under the experimental
conditions the determination of malate
was always within 3-per cent of the theo-
retical value and usually higher.

RESULTS AND DISCUSSION

Specificity of the method: Nossal (4)
showed that the decarboxylation reaction
of 1{—) malic acid by resting cells of
Lactobacillus arabinosus was accelerated
by a combination of glucose, manganous
chloride and potassium dihydrogen phos-
phate, the optimum concentrations being
104 — 10" M, 10 and 101 M, respec-

tively. High concentration of fermentabie

sugars in musts, however, raised the possi-
sibility of additional carbon dioxide evolu-
tion caused by fermentation concomitant
with malate decarboxylation. Addition of
glucose to the sample did not cause an
increase of carbon dioxide evolution and
the experimental results are listed in table
i.

Further studies by Nossal (5] revealed
that the only substrates undergoing de-

TABLE ¢

The Determination of i(—) Malic Acid in a
Standard Aqueous Solution Containing 1 mg
t{—) Malic Acid in the Presence of
d 4+ Glucose at 25° C

Glucose added Malic acid determined

{mg) {mg)
None 0.95
0.94
0.5 0.97
0.5 0.97
1.0 0.96
1.0 . 0.95

25.0 0.94
250 0.92
50.0 0.92
50.0 0.95

100.0 . 0.96

100.0 ’ 0.97

200.0 0.98

2000 0.97
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carboxylation by the enzyme system of
Lactobacillus arabinosus were fumarate,
oxaloacetate and pyruvate. The rate of de-
carboxylation of oxaloacetate was at about
the same order as that of malate and the
rate of carbon dioxide evolution from
pyruvate depended greatly on pyruvate
concentration. Fumarate was shown to re-
act at only 0.02 to 0.05 times the rate of
malate because of the weak fumarace ac-
tivity of the bacterium. '

To investigate the interference with the
assay of carbon dioxide evolved from these
acids, 0.1 ml of 0.4 per cent aqueous
aniline was added to the sample to re-

move oxaloacetate, and 0.2 ml of 0.7 per
cent hydroxylamine hydrochloride to elim-
inate pyruvate. Although the rate of de-
carboxylation of fumarate was too low o
affect the results of analyses significantly,
bromine water was added to the sampie
| hour before commencing the experiment
1o convert fumarate to dibromosuccinate.

The addition of these reagents to the
samples had no significant e?fec’r on car-
bon dioxide evolution and the results of
determination of malate in grape must and
wine treated with anailine, hydroxylamine
hydrochloride and bromine water are given
in table 2

TABLE 2

The Determination of |[—) Malic Acid in Grape Must and Wine in the Presence of
Aniline, Hydroxylamine Hydrochloride and Bromine Water at 25°C

Malic acid determined

Addition (mg in | ml sample
Srape must {Shiraz) None 1.28
None 1.26
0.1 ml 0.4%, aniline 1.27
0.1 ml 0.4% aniline 1.24
0.2 ml 0.7% hydroxylamine hydrochloride 1.27
0.2 ml 0.7% hydroxylamine hydrochloride 1.30
0.5 ml bromine water 1.29
0.5 ml bromine water 1.30 .
Srape must {Riesling) None .14
None 1.16
0.1 m! 0.4% aniline 1.14
0.1 ml 0.4% eaniline .15
0.2 ml 0.7% hydroxylamine hydrochloride .16
0.2 ml 0.7% hydroxylamine hydrochloride 115
0.5 m! bromine water 1.16
0.5 ml bromine water 1.7
Wine (Shiraz) None . 1.68
None 166
0.1 ml 0.4%, aniline 1.64
0.1 ml 0.4%, aniline 1.69
0.2 ml 0.7% hydroxylamine hydrochloride 1.70
0.2 ml 0.7% hydroxylamine hydrochloride 1.65
0.5 ml bromine water 1.69
0.5 ml bromine water 1.65
Wine {Riesling) None 1.48
None |.46
0.1 ml 0.4%, aniline |.46
0.1 ml 0.4% aniline 1.50
0.2 ml 0.7%, hydroxylamine hydrochloride 1.47
0.2 m! 0.7% hydroxylamine hydrochloride 1.44
0.5 m! bromine water .48
0.5 ml bromine water 1.49

ko o et e o amat ity Sk S TGS T
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Because of the high alcoholic strength- | where the results obtained in a typical

of some fortified wines the tolerance of the
enzyme system to ethanol had to be test-
ed before the method could be used with
confidence for malate determination in
wines. The combined results of determina-
tion of malate in the presence of an in-
creasing concentration 6t ethancl over the
range 0 to 58.8 per cent are listed in
table 3. :

TABLE 3

The Determination of 1(~—) Malic Acid in o
Standerd Aqueous Solution Containing | mg 1{—]}
Malic Acid in the Presence of Ethanol at 25°C

Addition Ethanol in Malic acid
of ethano! Warburg cup determined
(mi) % (mg)
MNone T 0.92
None 0.94
0.05 1.5 0.93
0.05 1.5 0.92
0.10 29 0.93
0.10 29 0.94
0.25 7.4 0.92
0.25 74 0.93
0.35 10.3 0.95
0.35 10.3 0.92
0.50 14.7 0.93
0.50 14.7 0.92
0.75% 22.1 0.93
0.75 22.1 0.92
0.80 235 0.92
0.80 235 0.97
0.85 250 Q.59
0.85 25.0 0.54
0.90 28.5 0.52
0.90 26.5 0.48
0.95 28.4 022
0.5 28.4 0.23
1.00 294 0.13
1.00 29.4 0.15
1.10 32.4 0.08
1.10 324 0.04
1.53 44.1 0.06
1.50 44 ) 0.04
2.00 58.8 0.06
2.00 58.8 0.02

Considering the degree of dilution of
the sample in the Warburg cup before
analysis, even the strongly fortified wines
fall well within the safety limits of the
method. The sudden inhibition of the en-
tyme system by 24 per cent ethanol is the
reaction mixture is clearly shown in figure

experiment with 14 manometers are illus-
trated.

100 -
.
8o}
2 |
'y) -
< 60 ®
» \
.z ]
2 1
R
4w
- l
%
N,
0 ! 1 | { !
10 20 30 40 50
% ETHANOL
Figure |. The inhibition of malic decar-

boxylase by an increasing concentration of
ethanol in the determination of {{—)
malic acid in a standard aqueous solution
containing | mg |(—} malic acid at 25°C.

The accuracy of the method was finally
established by detetmining malic acid in
samples of grape must and wine which
were enriched with incremental additions
of I{—) malic acid. The results of these
determinations are listed in table 4.

The manometric analytical method gave
consistent results with an acuracy of 3
per cent between duplicate and repeated
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TABLE 4

The Determination of 1{—) Malic Acid intGrape
Must and Wine Containing Incremental Addition
of 1{—) Malic Acid at 25°C

. Malic acid Malic acid
added determined
{mg) {mg)
Grape must (Shiraz) None - 1.25
None 1.29
0.2 1.47
0.2 .43
0.6 1.81
0.6 1.79
1.0 2.20
1.0 2.6
Grape must (Riesling) None 1.17
’ None .14
0.2 1.33
0.2 1.31
0.6 1.69
0.6 1.72
1.0 2.08
1.0 2.12
Wine {Shiraz) None 1.69
None 1.63
0.2 1.87
0.2 1.81
0.6 2.20
Q.6 2.i6
1.0 2.57
1.0 2.54
Wine (Riesling) None |.44
None 1.49
0.2 1.65
0.2 1.64
0.6 2.03
0.6 1.96
1.0 233
10 231
determinations when grape musts and

wines were analysed. However, the deter-
minations based on control solution of
commercial I(—) malic acid were often
consistently low by 8 {#3) per cent of the
theoretical values. These low results were
explained by chromatographic evidence
which showed that all five brands of malic
acid tested contained an acidic residue
that was left on the starting line of the

chromatograms. Such residues, however, ~

were absent from chromatograms run on

preparative paper chromatography, the
determination from controls improved and
came within 3 per cent of the theoretical
values.

SUMMARY

The manometric determination of malic
acid is specific, rapid and more conveni-
ent than other methods of analysis and, by
introduction of 0.5 to | ml sample, it ex-
tends well over the whole range of con-
centrations of malate found in grape musis
and wines. No preliminary treatment, such
as the removal of tartrate and sugars, is
necessary and the sample is directly in-
troduced into the Warburg flask. The
method has been tested for additional
carbon dioxide evolution from fermenta-
tion concomitant with malate decarboxy-
lation and from decarboxylation of oxalo-
acetate, pyruvate and fumarate and no
interference from these side reactions with
the analysis was detected.

The effect of ethanol on the enzyme
system has been investigated. It was found
to have no inhibitory influence on the de-
carboxylation unless the overall concentra-
tion exceeded 24 per cent by volume. The
accuracy of the method was confirmed by
determining malic acid in samples of grape
must and wine containing incremental ad-
ditions of the pure compound.
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The successful application of salting-out chromatography to the analysis of mixtures
of alcoholst, amines?, aldehydess3, ketones?, and ethers4led to an unsuccessful attempt
to apply this method to the principal acids of fruijt (citric, malic and tartaric). The
distribution ratios, C, of these acids with Dowex 50 were too nearly equal to permit
a satisfactory separation<. When it was found that partly sulfonated polystyrene
resins gave better separations than the fully sulfonated resins5.8, it scemed advisable
to try these low-capacity resins in the salting-out chromatography of the fruit acids.

Although the procedure for the separation of these acids by ion-exchange chroma-
tography? has served satisfactorily in some laboratories, complaints® have been re.-
ceived that the permanganometric method for the analysis of the eluate fractions

Sugar Malic
0.200.
_ 0160 "
E Tortoric
& oo
b Citric
5 ooso
&
(]
£ o040 J{l
0.0001 P T T oo T T o]
o] 10 20 30 40 SC 60 70

Fraction

"4 1. Elution graph of sugar and fruit acids. Column: 10.0 cm » 9.95 cm? of Dowex 1-XS, 200-
¥ mesh. Eluent 2.0 3 acetic acid -+o0.40 M sodium acetate. Flow rate: o.50 cm/min. Fractions:
2.92 ml.

ot reliable. The spectrophotometric method with dichromate® has been found to
7 very reliablet-s but is not applicable in the presence of nitrate, which was uscd as
e client the separation of the fruit acids by ion-exchange chromatog) aphy.
Hiese faces furnished an additional incentive for the re-examination of the separation
"tln) fruit acids,

*
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420 A. J. GOUDIE, W, RIEMAN

A method?® was developed for the quantitative separation by salting-out chromato-
graphy of oxalic, tartaric, malic, citric, and lactic acids by elution with a sulfate-bi-
sulfate buffer through a 100-cm column of an incompletely sulfonated polystyrene
(capacity = 4.1 mequiv. per g, 4%, crosslinked). The method suffered from several
disadvantages; the worst of these was a very slow flow rate that required an clution
period of five days.

Attention was then turned toward anion-exchange chromatography with various
buffer systems. Two fairlv rapid methods for the quantitative separation of malic,
tartaric and citric acids were developed with Dowex 1-X8 as the stationary phase,
In one method, the eluent was 0.15 M phosphoric acid plus 2.0 3/ monosodium phos-
phate. The major disadvantage of this method is that the elution graph of tartaric
acid (the first of the fruit acids) overlaps badly the graph of the sugars.

With an eluent of 2.0 M acetic acid and o.40 M sodium acetate, quantitative
separation of the three fruit acids from each other and from the sugars was achieved
(Fig. 1). Since acetic acid is much more resistant to oxidation than the fruit acids,
it was possible to determine the latter in the eluate fractions by a slight modification
of the dichromate procedure® without any interference from the acetic acid. The de-
tails of this method are given in the next section. Variations in the composition of the
acetate eluent affected the positions of the peaks of the fruit acids in accordance with
the equations previously published!1,

EXPERIMENTAL
Apparatus and reagents

Prepare the eluent solution to be 0.40 M with sodium acetate and 2.0 M with

acetic acid. The pH should be 4.0 4- 0.1. Prepare the solution of sodium dichromate
. in concentrated sulfuric acid as described elsewhere®.

Slurry Dowex 1-X8, 200-400 mesh, with water. Let it settle about 5 min; then
pour off the supernatant suspension of the very fine particles. Repeat this procedure
several times until most of the fines are removed. Pour a slurry of the resin into a
glass tube, 0.95 cm? in internal cross-sectional area; provided with a sintered-glass
filter disk of medium porosity and a stopcock or pinchclamp. The height of the resin
column should now be a little more than 10.0 cm. Pass the eluent through the column
until the resin is completely in the acetate form (negative test for chloride in the cf-
fluent). If necessary, adjust the height of resin to 10.0 cm.

Preparation of fruit juices

Cut the fruit into suitable pieces and put it on a filter mat of 6 or 8 layers of surgical
gauze on a Buchner funnel. Apply vacuum and press the fruit with a Petri dish.
Centrifuge the filtrate to remove finely divided solids and store the supernatant juice

“+ni a refrigerator until it is to be used.

Pipet a suitable volume of the juice into a small beaker and add 5 M sodium hy-
droxide to a pH of 4.0, measured with a pr meter. Transfer to a volumetric flask and
dilute to the mark with elucnt. The pipet and flask should be chosen so that the
concentration of the most abundant acid is between 4 and g mg per ml.

Elution :
Drain the surplus eluent from the column until the liquid levelis about T mm above

Pl Chine, Acta, 20 (1902) J1g—423
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the top of the resin. Pipet 1.000 ml of sample solution into the column, taking care
not to agitate the resin. Drain the liquid again to within 1 mm of the resin. Rinse
the inside wall of the cliromatographic tube with about 1 ml of cluent and again drain
the liquid almost to the resin. Repeat this rinsing and draining twice more. Connect a
supply of eluent to the top of the chromatographic column with an air-tight stopper.
Maintain a flow rate of 0.50 -4 0.10 ¢ per min (0.47 -£ 0.09 ml per min) by adjusting
the hydrostatic head or the stopcock.

It is then necessary to collect successive fractions of 37.3, 30.0, 50.0, 12.5 and 75.0
m!, which will contain respectively the sugars, malic acid, tartaric acid, waste and
citric acid. This is done conveniently as follows: Collect the sugar in a 50-ml volumetric
flask to which 12.5 ml of eluent has been added from a buret. Collect the malic acid
similarly but add 20.0 ml of cluent to the flask. Use a dry 50-ml flask for the tartaric
acid, a 2s5-ml flask containing 12.3 ml of eluent for the waste and a roo-ml flask
containing 25.0 m! of water for the citric acid.

Spectrophotometric determinations

Shake the volumetric flasks containing the sugars, malic acid and tartaric acid.
Pipet 20.00 ml of each solution into separate 100-ml flasks. Pipet 5.00 ml of water
and 20.00 ml of dichromate in sulfuric acid into each flask. Heat them in a bath of
boiling water for 30 min. Then cool them to room temperature in a cold-water bath.
Read the absorbances at 591 my in 1oo-mm cells, using as a reference a solution pre-
pared by treating 20.00 ml of eluent in exactly the same manner. A Beckman DU
spectrophotometer is recommended.

Determine the citric acid similarly but use 25.00 mi of the cluate fraction, no water -

and 20.00 ml of the dichromate solution.

Convert the absorbance to mg of sugar or acid from calibration graphs prepared
as follows: Prepare a solution of 200.0 mg of malic acid in 100.0 ml of eluent. Pipet
aliquots of 1.000, 2.000, 3.000 and 4.000 ml into separate 50-ml volumetric flasks and
dilute to the mark with eluent. Treat 20.00 ml of cach of these solutions exactly as
described above for the fraction of eluate containing the malic acid.-Prepare calibra-
tion graphs for the sugar (using dextrose) and for the tartaric acid in the same manner.
Prepare a standard solution of citric acid containing 200.0 mg in 100.0 ml of eluent.
Pipet aliquots of 2.000, 4.000, 6.000 and 8.000 ml into separate 100-ml volumetric
flasks. Add 25.00 ml of water to each flask and dilute to the mark with cluent.
Treat 25.00 ml of each of these solutions exactly as described above for the {raction
of eluate containing the citric acid. All the graphs of absorbance #s. concentration
of acid or dextrose were linear within the specified range.

Since the nature of the sugars differs from fruit to {ruit, the foregoing procedure
may not determine the actual concentration of sugar (mg/ml) in the juice but rather
vields the concentration of dextrose equivalent to the totol fruit sugar in reducing
capacity according to the recommended method. Although no experimental com-
parisons of the reducing capacities of the various sugars were performed, it is likely
that the several sugars found in fruit have very nearly the same reducing capacity
per g9, .

RESULTS AND DISCUSSION

The anabvtienl procedure was first tested with five standard solutions prepared by
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weighing the pure solutes. These results are presented in Table I. The mean recovery
of all 11 determinations was 100.3%, indicating good accuracy. The standard devia-
tion of the recovery was 1.0%, indicating good precision.

Then four samples of fruit juice were analyzed in duplicate. In some of the deter-
inations, known amounts of fruit acid were added as indicated in Table II. The

TABLE I

ANALYSIS OF STANDARD SOLUTIONS

Dcxtrose Malic acid Tartaric acid Citric acid
Soln.
No. Taken Revovery Taken Recovery Taken Recovery Taken Recovery
mg % mg % mg % mg %
1 2.48 100.4
2 2.67 100.0 8.04 100.0
3 25.5 97.0 8.68 101.0
4 103. 100.7 9.86 100.2
5 101.1 100.1 9.31 101.3 6.09 101.5 6.32 100.6
TABLE 11

ANALYSIS OF FRUIT JUICES

(The results are expressed as mg/ml)

F Sugar Malic acid Tartaric acid Citric acid
ruit
. Added Found Added Found Added Found Added Found
Lemon 0.0 177 0o 39 o©o0 00 00 3L7
0.0 17.2 82.5 84.3% 79.7 785 ©.0 52.8
Mean 17.5 - 52.2
Apple o 208 0.00 5.53 0.00 0.00 0.00 0.00
o 207 o000 560 640 656 O0.7I 6.60
Mean 208 5.57
Peach - 0 124 o0o 589 o0.00 000 0.00 414
o 118 0.00 587 701 7.03 000 433
Mean 121 5.88 4-24
Seedless grape o 144 0.00 5.13 0.00 7.22 0.00 0.00
[} 143 0.00 500 o000 06.98 6.78 6.72
Mean- . 144 5.06 7.10

s This figure represents the quantity originally in the juice plus the quantity added.

average difference between the duplicates was 2mg per ml for sugar, 0.09 for ‘malic
acid exclusive of the lemon juice, 0.22 for tartaric acid and 0.6 for citric acid. When
tartaric acid was added to a juice containing none of this acid, the mean recoveries
were 100.4%, with a standard deviation of 1.9%,. The similar figures for the recovery
of citric acid were ¢8.8%, and 0.4%,. These figures confirm satisfactorily the accuracy
and precision predicted from the analyses of standard solutions.

The occurrence in a fruit of an acid other than malic, tartaric and citric would not
be detected by this method unless the elution peak happened to oceur between the
peaks of Fig. 1. Thus the unsuspected acid would caunse a positive error in the deter-
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- Table I. The mean recovery i mination of malic, tartaric or citric acid. However, this is not a serious disadvantage .
scur- . The standard devia- because significant quantities of acids other than these three are rarely found in ’ }

1 © fruit. s
“olicate. In some of the deter- ' The clution requires 7 h, about the same as SCHENKER’s? elution. The simplicity 1
..s indicated in Table II. The and reliability of the spectrophotometric method of analyzing the fractions of eluate

are marked advantages of this method in comparison with SCHENKER's. In addition, )

the reccommended method serves to determine the sugar in the juice. This method is
s much more rapid and accurate than the classical procedures such as the pentabromo-

~D
— G acetone method!2 {or the determination of citric acid.
Cl iric acid . . A . .
o« - P Since ion-exchange resins vary appreciably from batch to batch, it cannot be
cote Tak reorery v . .
e e o guaranteed that strict adherence to the recommended elution procedure will always
vield quantitative separations of the fruit acids. An analyst using a different batch o
of Dowex 1-X8 may have to make minor changes in the elution conditions such as b
8.04 ro0.0 the column height or the volumes of eluate containing the isolated acids. ¢
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A method is described for the determination of malic, tartaric and citric acids and sugar in fruit
juices. It consists of the separation of these constituents by ion-exchange chromatography through
a column of Dowex 1-X8 with an acctate buffer as eluent, treatment of aliquots of the separated
¢ constituents with dichromate and sulfuric acid and measurement of the absorbance of the resultant :
green chromium(I1I). |
ml) ' i
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1-X8) et I'analyse par spectrophotométrie, aprés traitement au dichromate et a I'acide sulfurique.
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Detection of Organic Acids in Fruit

Juices by Paper Chromatography -

D, Jorysch, P. Sarris, and S. Marcus
H. Kohnstamm & Co., Ine,

SUMMARY

Organie acids of fruit juices form
individual chromatographie patterns
that can serve for identification of the
juices as well as for detection of
adulteration.

INTRODUCTION

Juices of various fruits are differen-
tiated by their flavor as well as acid
and sugar content. This work deals
with paper chromatographie acid pat-
terns of fruit juices to determine
whether such patterns are charucter-
istic of the fruit. During this investi-
gation we examined organic acid pat-
terns of straight and blended fruit
Jjuices.

METHODS :

Isolation of organic ‘acids of fruit
juices. Lead acetate method (Way,
1957), Acids in 10 ml fruit juices

were precipitated by addition of an -

8% solution of neutral lead acetate.
The resulting insoluble lead salts were
centrifuged and washed with alcohol.
These salts were then treated with hy-
drogen sulfide to convert them into
insoluble lead sulfide and soluble free
organic acids. The acids were sepa-
rated by filtration, and the aqueous
acid solution was evaporated to dry-
ness. The residue was then redis-
solved in 1 ml of deionized water,
This solution was used for spotting on
no. 1 Whatiman paper.

Anion erchange method (Anon.,
1959; Sullivan et al., 1960). Dow
anion exchange resin 1-X10 was con-
verted from the chloride to the for-
mate form by washing with 1M so-
dium formate solution. Twenty ml of
single-strength fruit juice were passed
through a column packed with the
above resin. The resin was washed
with water to remove all other juice
solids such as color and sugar. The
fruit acids were cluted hy passing 6M
formic acid through the colwmn. The
eluate containing the orsanic acids
wus evaporated to dryness to remove
formie acid, and the residue was taken
up with 1 ml 35¢, aleohol. The result-
ing solution was used for spotting on
12X12-in. Whatman paper.

Solvent systems and aevelopment
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of chromatogrums. Two systems were
used :

1) Butanol, 909, formie acid, water
(10:2:5) was employed for descend-
ing chromatography. Nine lambda
volume of acid solution was deposited
on 12X 12-in. strips of no. 1 Whatuun
paper by multiple spotting (three 3-
lambdas.) The solvent was allowed to
descend 9 in. from the spotting line,
which took about 4 hr at room ten.-
perature (70°F). The chromatograms
were dried 12 hr to remove volatile
formie acid. Acid patterns were made
visible by application of indicators.

2) Ether, 90% formic acid, water
(60:14:9) was used for ascending
chromatography. Nine lambdas were

. deposited by .multiple spotting (three

3-lambdas) on no. 1 Whatman paper
7X16-in. strips. The solvent was al-
lowed to ascend 9 in. from the spot-
ting line, which took 6 hr at 70°F.
Chromatograms were dried as indi-
cated above. A mixture of indicators

A AV

(Fitelson, 1961; Paskova and Muyg
1960; Hartly and Lawson, 1960y
applied after drying by dippin, .
spraying. This mixture contyj,,,
0.075% - bromereso’ green, (-,
bromphenol blue, and 0.01¢ 1.
(o-tolyl) guanidine in anhydp,,.
methanol,

Bamples of fruit juices. The 1,
lowing fruit juices and varieties th,.,,
of were examined: red rasphery,
(Newburgh), black raspberry (My,
ger-Olum farmer blend), red el
(Montmorency), blackberry (g,
green), strawberry (Marshall), Zrap
(Concord), apple (variety unknow,,,
and blends of 309 apple and TU','
black raspherry and of 309, grape g
70% black raspherry. Organie acids ol
these juices were isolated by pra
cedures mentioned above. For o
parison and identifieation we Prepare
solutions of acids known to oceur pre
dominantly in plants and Jjuices,

RESULTS

Chromatographic patterns and R,
values. Table 1 gives R, values anl
indicates the intensity of chroma.
graphic spots,

Interpretation - of chromatograms,
The following deductions were made
by ecomparing R, values of known
acids with R, values of acids isolated
from juices:

Strawberry juice. Main scid con-
stituents are citric acid and an un.
known acid (R, 0.75), somewhat less

Table 1. R¢ values and reluative spot intensities® of known orgauic acids vs. organic

acids in fruit juices and Jjuice blends.

91— 78~ T2~ 60— 51— 43 18- 07-
94 .85 5 .64 .58 44 .32 28 a1 ki
Malic Acid 56
Citrie Acid A4
Tartaric 82
Mulonic .81
Galacturonic .08
Gluconic a1
94 .88 64 56 45 .08
Blackberry D D F D ¥ D
.85 63 54 23 .08
Red Cherry vI VP vI VF V¥
. 03 86 .53 44 21 .08
Struwberry D 1 1 1 VF ¥
18 .80 51 43 07
Red Raspberry VI YF VF VI ¥
01 g2 .64 54 .83 0.8
Grape . I D ¥ I 1 \4
309% Grape .93 .83 a2 .64 .58 45. .32 083
70% Bl Raspberry D 1 Vi vr P 1 F ¥
79 62 33 44 .23 .08
BL Raspberry VI VI VF Vi Az F
30%, Apple K3 .82 .63 83 42 .20 07
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90 .82 .53 .19 0
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malic acid, little galacturonie acid, and
three additional acids of R values
0.93, 0.86, and 0.23. ‘

Black raspberry juice. Six acids are
present. Predominating are citric acid
and an unknown acid {of R, 0.79);
mnlic acid and galacturonic acids are

resens in small quantities; the other
acids were not identified.

Red raspberry juice. The major
acid is citric acid; also present are
very little malic, galacturonic, and
two other minor acids.

Grape juice. Malic and tartaric
acids are predominant; citric, galac-
turonic, and three other acids are
present in lesser quantities,

Apple juice. The major acid is
malic acid; four other acids are found.

Blackberry juice. Contains a com-
bination of six acids, ineluding citrie,
malic, and galacturonic, but none pre-
dominate.

Red cherry juice. Contains mainly
malic acid. Four additional acids are
present.

Pineapple juice. Citric aeid is the
main zcid. Malic and tartaric acids
are minor acid constituents.

Prune juice. Main acid constituents
appear to be galacturonie and pectinie
acids; small quantities of tartaric and
citric acids are present.

Blended juices. The acid chromato-
grams of blended juices provide a clue

- {0 their composition. An acid pattern

ean also indicate adulteration if for-
cign acids are detected. The acid pat-
tern in black raspberry juice is
changed when apple juice or grape
juice is added. In the first case we
notice great intensification of the
malic acid spot, whereas blend with
grape juice shows presence of tartarie
acid, which is foreign to black rasp-
berry juice.
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Yeast Growth as Affected by Sodium

Benzoate, Potassium Sorbate

and Vitamin K5

E. 8. Smith, J. F. Bowen, and D. R. MacGregor

¥Fruit and “Vegetable Processing Laboratory, Research Station,
QCanada Department of Agriculture, Summerland, B. C.

SUMMARY

Five selected yeast strains were
grown in a standard apple juice-
sucrose medimn containing petassium
sorbate, sodium benzoate, and vitamin
K5. Changes in the refractometer
readings of the medium were used as a
eriterion of yeast growth. This method
of assessing yeast growth is subject
to a number of interfering factors.
However, for comparative purposes
these are not considered eritical.
Potassiumm sorbate exerted a greater
inhibiting effect than did sodium ben-
zoate, throughout a range of pH 6.0~
40 and a range of concentration of
0.025-0.19%. The action of both ben-
zonte and sorbate was enhanced by
lowered pIl.” Vitamin X5 showed no
suppressing action (with one excep-
tion) on the growth of the selected
strains of yeast, in concentrations of
0.0025-0.01% throughout the pH
range 6.0-4.0.

INTRODUCTION AND
LITERATURE REVIEW

Sodiura benzoate, used as a pre-
servative of food products for many
years, is still preferred for fruit prod-
ucts and pickles. It has several dis-
advantages, however: it is difficult to
dissolve, it imparts an undesirable
flavor to many foods (Dryden and
Hills, 1859; Weaver et al., 1957), and
it is not handled in the body hy normal
metabolic pathways (Deuel et al,
1954a,b).

Potassium sorbate, in contrast, pos-
sesses the distinet advantages of being
readily metabolized (Deuel et al,
1954a,b) and easily soluble, and con-
tributing no undesirable flavor when
used in effective concentrations (Dry-
den and Hills, 1959; Weaver et al,
1957).

This paper presents data comparing

the activity of these compounds, as an

introductory phase of a study on the
use of potassium sorbate in the preser-
vation of fresh apple )uice.

Vitamin K5, reported as preventing
secondary fermentation in  wines
(Yang et al., 1958), was included in

this study because of its possible use
in preservation of fresh apple juice
or fermented fruit beverages.

EXPERIMENTAL METHODS

The inhibitory effect of potassium
sorbate (Union Carbide Chemieals Co.,
New York, N. Y.), sodium benzoate
(J. T. Baker Chemical Co., Phillips-
burg, N. J.), and vitamin K5 (2-
methyl-4-amino-1-naphthol hydrochlo-
ride) (Nutritional Biochemicals Corp.,
Cleveland, Ohio) was evaluated by
growing pure cultures of selected
yeasts in an apple juice-sucrose me-
dium containing the substance to be
tested, and measuring the reduction in
total soluble solids content of the
medium. Determinations of total solu-
ble solids were made over a 2l-day
period with' an Abbe-type refrae-
tometer.

Changes in refractomcter reading
of the medium during an experiment
reflect metabolic activity rather thaun
the absolute growth of the organmisum.
There is a rough correlation between
metabolic activity and growth; how-
ever, since this paper is concerned
with compounds that are designed to
prevent spoilage, i.e., changes in the
medium, the more direct method of
measuring the ability of the organism
to change its environment secmed bet-
ter than measurement of the number
of organisms alive or dead.

Basal medium. The basal medium
was preparcd according to the follow-
ing formuli: 500 wl apple juice, 500
ml distilled water, 3 g dipotassium
phosphate, 1 g ammonium chloride.
Sucrose was added to give a total solu-
ble solids content of 23% as estimated
by refractometer.

The apple “juice” used was pre-
pared from MeIntosh apple juice con-
centrate of 7655 total soluble solids.
For use in the medium the concentrate
was reconstituted with distilled water
to a total soluble solids content of
129%. This procedure produced a
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Determination of Fixed Acids in Commerci

-

al Winds by’ Gas—l.iquid Chromatography

Glenn E. Martin,* Joseph G. Sullo, and Robert L. Schoeneman

The polybasic acids in wines (succinic, fumaric,
malic, tartaric, and citric) were separated from other
solid material by precipitating the acids as the lead
salts of the respective acids. Trimethylsilyl deriva-
tives were formed directly from the precipitates and
were identified and quantitated by vapor phas:
chromatography. It is interesting to note that
blackberry, peach, pincapple, clderberry, logan-

berry, honey, and cherry wines did not contain tar-
aric acid in detectable amounts (10 mg/100 cm?
of sample). The citric acid concentration in com-
mercial wines in some cases accounted for approxi-
mately 909 of the total fixed acid content.  Grape
wine in all cases contained malic and tartaric acids
and in most cascs contained citric acid.

glc are preceded by the conversion of the acids to

alkyl (usually mcthyl) esters. Since the esters are
more volatile, they can be separated at lower temperatures.
These esters are less strongly adsorbed than acids and give
less tailing; therefore, they can be more accurately deter-
mined.

Phevols (Ismail, 1963; Langer ef al., 1958) were the first
computnds to be separated by gas chromatography as their
silyl derivatives.  Silyl ester derivatives have been used for
identification of thc anomers of pentoses and hexoses by
gas chromatography (Bentley er al., 1963; Sweeley et al.,
1963; Martin and Fib, 1968). Flavenoids (Furuya, 1964)
and inositols (Lee and Ballou, 1965) have also been converted
to silyl derivatives for gas chromatography. The silyl cther
derivatives of large complex molecules such as morphine
(Brochmann-Hanssen and Svendsen, 1963; Martin and
Swinehart, 1966) and steroids (Hammond and Leach, 1965)
and mono- and diglycerides (Tallent ef al., 1966; Wood el al.,
1963) have bxen chromatographed.  The use of silyl estersisa
logical extension of this work to gas partition chromatography
and the gas chromatography of trimethylsilyl esters of fatty
acids (Birkofer and Donike, 1967; Dalglicsh e al., 1967),
amino acids (Mason and Smith, 1966; Ruhlmann and Gie-
secke, 1961), metabotic acids (Horii et al.. 1963), acids in wine
(Brunclle er ai., 1967), acids in whiskey (Martin ef af., 1965),
phenolic acids (Burkhard, 1957; Blakley, 1966), resin acids
(Zinkel et al., 1968), and fruit acids (Fernandez-Flores et al.,
1970).

The various reagents that are used to synthesize the alkyl
esters do not react with alcohol groups such as those on
hydroxyl acids. If, however, hydroxycarboxylic acids are
combined with trimethylchlorosilune, both the acid and al-
cohol hydroxy groups react to give the trimethyl siloxy group.
Therefore, the trimethylsilyl derivatives of hydroxycarboxylic

Customarily the separations of carboxylic acids by

-

ATFE Laboratory, Internal Revenue Service, Washington,
D.C. 20224

acids ‘are more volatile and less casily adsorbed than alkyl
esters of hydroxycarboxylic acids. The silyl cther esters are
superior to the methy! esters for gas chromatographic scpa-
rations of hydroxycarboxylic acids (Martin and Swinchart,
1968).

METHOD

Apparatus and Reagents. GASs CHROMATOGRAPH. A Hew-
lett-Packard Model 402 gas chromatograph cquipped with a
flame jonization detector was used for the analysis. This
instrument was placed in tandem with a Hewlett-Packard
Integrator Model 3370A. The glass column for the instru-
ment was cleaned with acetone and cthanol, and then allowed
to air dry. A 250-ml solution of a 5 o7 dimethyldichlorosilane
(DMCS) in benzene was passed through the column, after
which it was allowed to air dry.

The glass column for the analysis was 6-f1 long, '/sin. 0.d.,
and was packed with a 3% OV-3 on Chromosorb W HP

-80-100 mesh. The glass wool plugs were likewise treated

with 5% DMCS in benzene.

The column was operated isothermally for 10 minat 118°C
and then programmed at the rate of 3°/min to a temperature
of 220° C. The detector block and injection port werce op-
crated at 250° C.  Helium was used as the carrier gas at the
rate of 40 mi/min.

Lead acetate buller solution 8 g Pb(OAc):-3 H.O plus 1 ml
of acetic acid, and the final solution ¢s to 100 ml with water.

Celite. Celite 545 (Fisher Chemical). ’

Sulfuric acid. 0.1 N sulfuric acid.

Glutaricacid. A I-mg/mlsolution of glutaric acid (Applied
Science Laboratories, Inc., 99.9% purity) in a 50/50 cthanol
wiater solution,

Standard acid solution. A'S X 10 * M sclution cach of
succinic acid (Fisher Certified), fumaric acid (Eastman Or-
ganic Chemicals) 98320 -+ purity, 1 malic acid (LEastman
Organic Chemicals) 98% - purity, tartaric acid (Eastman
Organic Chemicals) 98% + purily, and citric acid (Fisher
Seientific) anhydrous certitied grade were placed in a 50750
ethanol water solution.

1. AGR. FOOD CHEM., YOL. 19, NO. §, 197t 998
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“Table I.  Total Acid Values by Titrimetric Method, Individual Acids by the Gle Procedure
Gas Liquid Chromatogcaphy Titrimetric
“ Milliequivalent Mg/100 cc. Mg/100 cc.
. Tartaric <|* Total Volatile Total
Name Succinic Acid Malic Acid Acid Citrit Acid | Fixed Acide| Fixed Acidx  Acidx  Acidsk

Apple Wine 1.253 6.208 0.L84 596.0 5h3.0 47.0  590.0
Rlackberry Wine 0.627 1.193 k4.950 508.0 $79.0 81.0 660.0
Hlackberry Wine 0.881 2.685 3.826 555.0 642.0 128.0 -770.0
Chianti Wine 1.626 1.h6 2.692 0.437 L67.0 554L.0 76.0  630.0
Concord Grape Wine 1.135 0.7u6 2,999 366.0 1,80.0 130.0  610.0
Danwii:Z Blackberry 0.406 0.985 0.133 2,077 270.0 295.0 232,0  527.0
D“?é;il‘ Gnerry 0.74S 6.862 1.346 0.250 691.0 673.0 66.0  739.0
D”Eaﬁ?if?ieimm) 0.932 0.1k9 b.skl 0.281 518.0 533.0 108.0  6k1.0
DT{Bzf‘gr:ﬁgjeiiment) 0.982 0.149 1.598 0.261 451.0 545.0 96.0  641.0
D’{aﬁ?ﬁr???eﬂﬁem) 1.745 Trace 3.505 0.531 k3L.0 580.0 134.0 7k.0
m'{Aﬁgrﬁ‘nr:agent) 1.423 Trace 3.691 0.562 426.0 557.2 166.8 724.0
Elderberry Wine 0.999 0.567 5.075 Lg8.o 576.0 10L.0  680.0
Grape Base Wine 0.999 0.627 2.559 Trace k.o 341.0 7.0 12,0
Loganberry Wine 0.627 1,119 9.072 812.0 612.0 98.0 7.0.0
Muscatel Wine 0.881 1.298 1.626 1.499 398.0 296.0 74.0  370.0
Peach Wine 0.269 2,17 183.0 193.0 186.0  379.0
Polish Cherry Wine 1.135 1.566 Sl 610.0 658.0 150.0  808.0
Port Wine 0.406 1.477 2,132 0.312 325.0 332.0 108.0  L40.0
Pure Cherry 0.7L5 3.058 2,030 L38.0 508.0 92,0 600.0
i Base 0.999 0.507  3.252 0.L8L 393.0 377.0 1100 4870
Red Dry Wine 1.507 2,506 S.135 732.0 672.0 98.0  770.0
Stur;inght sherey 1.762 0.627 2.132 0.968 l12.0 304.0 86.0  390.0

* Expressed as Tartaric Acid

Pyridine. Pyridine (Eastman Organic Chemicals) spectro-
grade was dried for 48 hr over KOH granules.

Silylating reagent.  Trimethylchlorosilane (TMS) and hexa-
methyldisilazane (HMS) werd obtained from Applicd Science
Laboratorics, Inc.

Ethanol water solution.
distilled water.

809, anhydrous U.S.P. and 209}

996 3. AGR..FOOD CHEM,, VOL. 19, NO. §, 1971

Sample Preparation. A 2-mlaliquot of wine was placed ina
15-ml centrifuge tube, and 1 mi of lead acetate buffer solution,
10 mg of celite 545, and 1 mi of sulfuric acid were added in
that “sequence.  The precipitate was shaken with 10 mt of
ethanol water solution, after which it was centrifuged for 10
min. The tube was removed and the supernatunt decanted.
The mat was broken with a stirring rod, and a second 10-ml
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Figure 1. Chromatogram of a standard solution of acids: 1,

succinic; 2, fumaric; 3, glutaric; 4, malic; 5, tartaric; 6, citric
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Figurc 2. This gives the relative response of A, citric, B, malic,
C, tartaric, D, succinic, and E, fumaric, to glut.mc acids ¢s. cm?
molar concentration .

ethanol-water solution was employed to wash the precipitate.
The mixture was centrifuged for another 10 min, and again
the supernatant was decanted.  Boiling chips were added,
along with 1.5 ml of glutaric acid solution, to the precipitate,
and the mixture was placed in an oven for 12 hr at 105° C.
Pyridine, 1.5 ml, was added to the mixture, which immeediately
was capped with a rubber septum and then placed in a sand
bath for 24 hr at 137° C. THe sample was removed from
sand bath, and 0.5 m! of TMS and 0.5 ml of HMS were added.
The resulting solution was allowed to stind at room temipera-

graphic analysis.

Standard Solution. 0.2, 0.3, 0.4, 0.5, 0.6, and/or 0.7 ml
of a 5 X 10 7% M solution of succinic, fumaric, malic, tartaric,
and citric acids were placed in a 15-ml centrifuged tube,
respectively. The standard was treated in the same manner
as the sample solution.

Calculation. The amount of organic acnds was calculated

in the following manner:
< .

, Ao/Gs

(A0/GS o Ma x50 =
Astd/Gstd X Mg X

mg/100 cm? of sample

where Ao = area of organic acid, Gs is the area of glitaric
acid in sample, Astd is the arca of organic acid in standard
solution, and Gstd is the arca of glutaric acid in standard
solution. A blank sample (before introduction of internal
standard) was chromatographed to ascertain possible inter-
ference from the presence of glutaric acid or other compounds
with similar retention times.  The recovery of fixed acids by
the glc procedure was compared with recovery by titrimetric
methods. The amount of fixed acids found by titrimetric
methods was determined as the difference between total
acids and volatile acids. ’
The procedural modifications employed were as follows.

- The end point was determined by a Fisher Automatic Titrim-

eter at pH 8.4 instead of the visual point of phenolphthalein.

DISCUSSION

The di- and tricarboxylic acids used in the determination
were succinic, fumaric, glutaric, malic, tartaric, and citric.
The retention times of the various acids for the standard
solution were noted and compared with those of the sample
solution.

In prior work, an alkanoic acid (Cu) was used as an internal
standard, but because of its high degree of sublimation and its
monocarboxylic character, it necessitated the use of dicar-
boxylic or tricarboxylic acid not present in wines. Since
glutaric acid was not found to occur naturally in any of the
samples analyzed by glc it was selected as the internal standard
of choice. The various acids were determined in wines,
but further studics would be highly desirable as to varieties
within a particular type of wine, i.e., catawba grapes wine.
Imported and domestic commercial samples were selected
in order to provide a fair degree of diversification.

RESULTS

Figure 1 shows the various acids, namely succinic, fumaric,
glutaric, malic, tartaric, and citric, as sharp symmetrical peaks
1,2,3,4, 5, and 6, respectively.

Figure 2 gives linearity of response of molar concentration
of acid to glutaric acid by peak arcas.” The acids fall into a
sequence which is proportional to their molecular weights,

Table I gives data for blackberry, cherry, elderberry,
apole, loganberry, peach, and various classes of grape wings.
In many cases, the citric acid content accounts for 9097 of the
fixed acid content for the commercial wines. As was ex-
pected, the malic acid is found in apples, pineapple, black-
berry, loganberry, cherry, grape, elderberry, and peach wines.
Tartaric acid is found in wines of grape origin, but it is not
found in apple, blackberry, elderberry, loganberry, cherry, or
peach winus at detectable levels (10 mg/ 100 mi).

In most cases, the fixed acid values found hy gle procedures
are lower than titrimetric values.

J. AGR. FOOD CHEM., VOL. 19, NO. &, 197t 997
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Samples of Dry Red Wine T and 11, as welb as 11 and 1V,
show before and after cation exchange treatment. For this
particular treatmient, there appears 10 be no significant change
in the malic, succinic, citric, or tartaric concentration,
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" Quantification of Seven Tricarboxylic Acid Cycle

and Related Acids in Human Urine by }gas;:Liquid Chromatography

piane S. Zaura and Jack Metcoff

The Department of Pediairics, Michael Reese Hospital and Medical C enter, Chicago,

Biologically significant concentrations of pyruvate,
lactate, fumarate, succinate, malate, alpho-ke_tqgluta-
rate, and citrate in human urine were quantified by
gas-liquid chromatography. The urine was first de-
proteinized, neutralized, and passed through an ion
exchange column.
The esters were separated on temperature pro-
grammed 12.5%, diethyleneglycol succinate and 69,
XE-60 nitrile rubber columns and detected by hydrogen
flame ionization. Unknown concentrations were cal-
culated from individual regression equations, derived
from the response of either the commercial ester or
the esterified acid. In general, with a 5.9-ul injection,
the responses were linear at least in the range of 1.26
to 25 umoles/ml. Mean recoveries depended on the
individual acid or salt and varied: from 76.4 to 127%,
with some exceptions. Recoveries from urine varied
similarly. Five replicate analyses resulted in relative
standard deviations of 4.2 to 25.99, Neither esterified
oxaloacetate nor isocitrate yielded a characteristic
peak; esterified oxalosuccinate and cis-aconitate
gave multiple peaks.

THE SEQUENTIAL conversion of carboxylic acids into CO, and
H;0 is a characteristic feature of cell metabolism. The turn-
over of these acids, described by Krebs (7), is known as the tri-
carboxylic acid (TCA) cycle and represents a common path-
way for metabolism of carbohydrates, fatty acids, and amino
acids. The levels of these acids in a tissue during a steady
state is an index of the activity of the pathway in the cells.
The kidney is an important regulatory organ which depends on
TCA cycle metabolism for many of its functions. There is

some evidence that disturbances of kidney function by disease

or by metabolic disorders may be reflected by abnormal pat-
terns of excretion of the TCA cycle metabolites, indicating
either some distortion in their synthesis or in their utilization
by kidney cells (2). Although plausible, this hypothesis has
been difficult to test because of methodological problems for
quantifying TCA cycle acids in urine. Enzymatic methods for
individual metabolites are available (3) but are expensive, and
several metabolites cannot be quantified from a single reac-
tion. Chemical methods are adequate only for a few of the
TCA cycle related metabolites. Various chromatographic
Methods other than gas chromatography have been developed
s analternative to these (2, 4-7).

() H. A, Krebs and W. A. Johnson, Enzymologia, 4, 148 (1937),

@QP.Y K wuw, Oh, E. Polar, and J. Metcofl, Pedjatrics, 36,
856 (1965). .

O H U Bergmeyer, Fd., “Methods of Enzymatic Analysis,”
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- Nordmann, Bull. Soc. Chim. Biol., 36, 1461 (1954),
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The advantages of gas chromatography as a method of
analysis are the ability to determine several compounds in one
analysis of a small amount of sample and the possibility of
simultaneous radioactivity determination with a radiologic
detector. Although the actual gas-chromatographic analysis
can be performed in several minutes, the preparation of the
sample for analysis and the calculation of the results require
many hours. Derivatives of one or more of the TCA cycle
acids from sources other than biological fluids have been
separated, identified (8-12), and measured (13-18) by gas
chromatography. Some of the acids have been extracted from
biological fluids and subsequently separated and identified by
this technique (79). Quantifications have been infrequent
(20). " Dalgliesh et al. (27) have described a method for separa-
tion and identification of a wide range of metabolites in urine,
including some of the quantitative aspects and problems of
derivative formation; however, the recoveries of these acids
from the several steps of urine preparation were not reported.
Kuksis and Prioreschi (20), using a method with an ion ex-
change procedure similar to ours, have reported recoveries of
89 to 1137 of some of these acids from urine in amounts 2 to
90 times those used in the present study.

The present paper describes detailed investigations of the
Quantitative analysis of pyruvate (2~oxopropanoate), lactate
(Z-hydroxypropanoate), fumarate (transbutenedioate), suc-
cinate (butanedioate), malate (hydroxybutanedioate), a-keto-
glutarate (2-oxopentanedioate), and citrate (2-hydroxy-l,2,3-
propanetricarboxylate) by gas chromatography with special
application to urine.

EXPERIMENTAL

Reagents. Reagents of the highest purity available were
obtained from various commercial sources: acids, salts
(except barium oxalosuccinate) and esters of and related to
the TCA cycle acids, isocitric acid lactone, adipic, malonic

(8) T.S. Rumsey, C. H, Noller, J. C. Burns, D. Kalb,C. L. Rykerd,
and D. L, Hill, s, Dairy Sci., 47, 1418, (1964).

(9) M. Gee, ANaL. CHEM,, 37, 926 (1965),

(10) Z. Horii, M, Makita, and Y. Tamura, Chem. Ind. (London),
34, 1494 (1965).

(11) P. G. Simmonds, B.
39, 163 (1967).

(12) M. G. Horning, E, A, Boucher, A. M. Moss, and E. C, Horn-
ing, Anal. Letr., 1,713 (1968).

(13) A. Kuksis and P, Vishwakarma, Can. J. Biochem. Physiol.,
41, 2353 (1963).

(14) N. W. Alcock, Anal. Biochem., 11, 335 (1965),

(15) D. T. Canvin, Can. J. Biochem., 43, 1281 ( 1965),

(16) F. L. Estes and R. C. Bachmann, Anar, Cuem., 38, 1178
(1966),

(17) T. S. Rumsey
(1966). *

(18) K. Salminen and P, Koivistoinen, deta Chem. Scand., 21, 1495
(1967).

(19) P. I. Jaakonmaki, K. L. Knox, E. C.
Horning, £ur. J. Pharmacol,, 1, 63 (1967).

(20) A. Kuksis and p. Prioreschi, Anal. Biochem., 19, 468 (1967),

(21) C. E. Dalgliesh, E. C. Horning, M, G. Horning, K. L. Knox,
and K. Yarger, Biochem, J.. 101, 792 (1966),
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Table 1. Operating Conditions

Type of column: 12.57; DEGS on acid washed Chromesorb W
134560 mesh) and 6°; NE-60 on Gas Pack S (45-60 mwesh) in
6’ x 4 mm (1.d.) glass tubing.

Gas flons:

Carrier (Helium):
60 m} mun through each column and
120 m! min through cach burner.

Hydrogen: 33 ml nun through cach burner.

Aur: 300 mi nun through cach burner.

Temperatures:

Inlet (top of columny: 220 °C

Detector oven: 255 °C

Column: Programmed: 80 °C for one minute, §0-100 ‘C at
29 *Cmin. 100-133 °C at 4.7 *Cmin, 133-220 ‘C at 4.8
*C min, 220 °C for 2.5 minutes.

Table I1. Absolute and Relative
Retention Times of Methyl Esters

Relative retention
{retention time of

Retention time
from solvent

Methy] esters front ester retention time
(in order of  Number of  (minutes) of methyl laurate)
elution) samples  Mean = S.D. Mean = S.D.
Pyruvate 13 1.86 =0.23  0.169 = 0.019
Laciate 15 225=0.24 0.205=0.019
Fumarate 15 7.31=0.30 0.664 =0.017
Succinate 15 9.17=0.27 0.835 = 0.011
Laurate 15 11.00 = 0.21 1.000
Malate 14 19.91 =0.10 1.811 = 0.032
a-Ketoglutarate 9 21.43=0.10 1.929 = 0.025
Citrate 16 20.66 = 0.10  2.698 = 0.048

and tartaric acids (Sigma Chemical Co.. St. Louis, Mo., and
Perco Supplies, San Gabriel, Calif.): barium oxalosuccinate
(Nutritional Biochemicals Corp., Cleveland, Onio); fatty
acid methy! esters {Applied Science Labs.. Inc.. State College,
Pa.); glyeolic and oxalic acids and gas chromatography
grade methanol (Fisher Scientific Co., Chicago, II), 10%
boron trifluoride-methanol (Eastman Organic Chemicals,
Rochester, N. Y.): the anion exchange resin. AG 2-X8,
in the formate form. 100-200 mesh, prepared from the cor-
responding Dowex resin (Bio-Rad Labs.. Richmond, Calif)
and the gas chromatographic column packings (Chemical
Research Services, Inc., Addison. Iil).

Gas Chromatography., The instrument used was a Beck-
man GC-3 with dual columns, including on-column injection
and dual hydrogen flame ionization detectors. The signal
was recorded with a Beckman lincar strip chart recorder
operated at the 1-mV range and equipped with a disc inte-
grator. Hydrogen gas was supplied by a Milton Roy
Elhygen hydrogen generator. The operating conditions are
given in Table I.  Idenucal flows and temperatures were used
for both the diethyleneglycol succinate (DEGS) and XE-60
nitrile rubber columns, which were packed in this laboratory
and conditioned overnight with a carrier flow of 60 m! min
prior to use. The DEGS column was conditioned at 220 °C;
the XE-60 column at 250 *C. The column efliciency of the
DEGS columns varied from 7000 to 9000 plates per column,
determined from the dimethyl succinate peak immediately
after conditioning.

Injections were made with 2 Hamilton 10-ul syringe in a
manner similar to the technique used by Kuksis and Vish-
wakarma (/3) for improved accuracy and reproducibility,
Methanol was drawn into the syringe to the 1.5-g! mark.  This
solvent was then drawn into the barrel, leuving an air space
below the 1.5-.1 mark. Next, the sample was drawn into the
syringe up to the S-ul mark, pulled entirely into the barrel for
more accurate reading, and adjusted, 1f necessary, o 3.9 ul.
During insertion the sample was contiuned in the barrel of the

syringe, lcaving the needle empty.  The solvent acted as a
wash duringinjection.  As previously recommended (8), an in.
Jection of solvent was made between sample injections (ap-
proximately -zl of methanol was injected in our procedure)
to prevent ghosting.  Nine consecutive injections of a solu-
tion of methyl lactate in methanol were made under the
same conditions to check the reproducibility of the injection,
The mean peak area and its relative standard deviation were
caleulated.

Unhknown peaks were identified on the two columns by
comparison of their relative retentions to the relative reten-
tions of known esters chromatographed on the same day
under the same conditions. Relative retentions were de-
termined with respect to methy! laurate, added just before
injection.  Identifications using data from only one column
were considered tentative. The standard deviations were
determined for the retention time (from the solvent front)
and the relative retention of each ester.  The data, obtained on
the DEGS column over a period of 5 weeks, are summarized
in Table II.

The attenuator was calibrated by deflecting the recorder
pen to 10077 at an attenuation of 1 with suppression current
and noting the deflection at various attenuation settings.
When the pen dropped below 107 scale, it was re-adjusted to
100°7 with suppression. The actual attenuation (4’) at
cach setting was cqual to the product of the ratio of full
scale (D) 1o the observed deflection (d) and the known at-
tenuation at full scale (4):

AI_B_A 1
= ' )

The response of the integrator in integrator units per
minute. was determined at pen deflections of 19 intervals
up to 2097 scale and 3% intervals from 209 to 1009; scale.
The response was linear (Pearson's Coetficient of Correlation
= 1.000), and the regression equation for per cent scale us.
the corresponding integrator units per minute was calcu-
lated. This equation was used to calculate the base-line
correction.

Methanol solutions, containing either a single pure ester
or mixtures of esters at several known concentrations, were
chromatographed. Egqual volumes were injected, and the
peak areas determined for each concentration. The re-
sponse of the gas-chromatographic system to the methyl
esters of pyruvate, lactate, fumarate, succinate, and citrate
was characterized by calculating Pearson's Coetficient of
Correlation, a regression equation, and the standard error
of the estimate for the concentration rs. peak area data.
Unknown concentrations of methyl esters of these acids
were calculated from the peak area of the unknown, using
the corresponding regression equation.

Because the pure methyl esters of maluate and o-keto-
glutarate could not be obtained commercially, the response
of the gas chromatographic system to these esters could not
be determined. As an alternative, the overall response, in-
cluding esterification and the gas chromatographic system,
was studied. Various amounts of malic or a-ketoglutaric
acid were weighed ino 10-ml volumetric flasks, esterified
according to the HCl-methanol procedure given below, and
then made up to volume with methanol. Equal volumes
(5.9 ul) of these solutions were chromatographed under the
same conditions on the day after esterification: the linear,
semi-log, and log-log plots of acid concentration rs. peak
arca of the resulting ester were obtained.

Preparation of L'rine. A known volume of urine, between
10 and 20 ml, was pipetted into a S0-ml centrifuge tube
containing 5 ml of 3027 HCIO, (2/) and ecnough distilled
water to bring the final volume to about 25 ml. The con
tents were mixed, allowed to stand at room temperature for
10 minutes and then centrifuged at 1300 X g for 10 minutes.
The supernatant was decanted into a clean 50-ml centrifuge
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wbe and kept in crushed ice. The precipitate was washed
with 10 mlof 395 HCIO,, and the suspension was centrifuged
a5 above. The wash was added to the original superpatant.
Following neutralization to a pH of 5 with 6N KOH and
sanding for 10 minutes in crushed ice, the mixture was
centrifuged at 1300 X g for 5 minutes. The supernatant was
qransferred to the top of a previously prepared anion ex-
change column. The KCIO, precipitate was washed with
1o-ml of ice-cold distilled water; and, after centrifugation
(1300 X 8 for § minutes), the wash also was transferred to the
top of the anion exchange column.

The column was prepared by suspending 6.0 grams of
AG 2-X8 resin in the formate form, 100-200 mesh, in dis-
tilied water in a 50-m! beaker. After a 10-minute settling
period, the fines were poured off and the slurry was poured
into a 0.9-cm (i.d.) glass chromatographic column with a
reservoir top, plugged with glass wool just above a Teflon
{Du Pont) stopcock at its lower buret tip. The resin ad-
hering 1o the side of the beaker was carefully washed into the
column with a stream of water. The meniscus was adjusted
1o just above the top of the approximately 11.5-cm resin
column. Care was taken to keep the resin always under
water.

The anion exchange procedure was a modification of one
proposed by Nordmann and Nordmann (5}, and Nordmann
etal. (4). The column flow was adjusted to 0.9 to 1.1 ml/min.
When the meniscus was just above the resin bed, 63 ml of
distiled water were added; and the column was slowly
swirled to wash down the sides of the reservoir. Then the
water was allowed to pass through at the same flow rate.
Adhering acids were eluted, also at the same flow rate, into
2 200-ml, round-bottomed flask, using 42 ml of 12N formic
acid.  The eluent was evaporated to apparent dryness with a
totary evaporator under reduced pressure (0.2 mm of mercury)
a1 33 °C, then kept on the evaporator for 1 minute more.
(Excessive evaporation was avoided to prevent increased
10sses of the more volatile acids) A 0.5-ml portion of
methanol was added to the residue, and the final suspension
was transferred with a Pasteur-type pipet to 2 1-ml volu-
netric flask. The round-bottomed flask was washed with
‘hree 0.25-ml portions of methanol, similarly transferred with
‘he same pipet. ‘

Esterification. Two methods of esterification were used:
4Cl-methanol in a manner similar to that proposed by
zumsey and Noller (17) and BF,-methanol, originally pro-
-used for esterification of fatty acids by Metcalfe and Schmitz
122).

In the former method 50 ul of concentrated, reagent grade
= drochloric acid was added to the methanol solution of the
c'ated acids prepared above; and, if necessary, the volume
%23 made up to approximately 1 m! with methanol. The
i.pered, Parafilm “*M"-covered flask was shaken in a water
1ath at 55 °C for 4 hours (/7) and refrigerated, until methyl
‘aurate was added, the volume adjusted to exactly 1 ml with
rehanol, and the contents werc chromatographed. The
#C. methano! technique was checked by triplicate esterifi-
anons of a 5-ml aliquot, containing the five free acids or
wis whose esters were available commercially, with 0.5 ml
f znncentrated HCI, and enough methanol to make the
riame 10 ml (final cancentration of each, about 9 pgmoles/
ml). The day following esterification, 5 ul of methyi laurate
vere added to each 10-ml flask. The solutions werce made
1 tn volume with methanol, and the resulting solutions
%z analyzed. The ester concentrations  obtained  were
“ripared to the initial acid or salt concentrations. Three
imvar solutions were tested for stability at various intervals
'}'J"mg a 2-weck period. by comparing peak areas, corrected
i sensitivity changes of the system.

fhe optimal esterification time, using BF5 methanol, was
determined in a similar manner. The acids or salts (final

2 1. Metcalfe and A. A. Schmitz, ANAL. Cuiim,, 33, 363 (1961).
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concentration of each approximately 25 wmoles/ml) were
dissolved in 109 BF;-methanol, eight 5-ml aliquots were
transferred to separate  10-ml volumetric flasks, and the
flusks were made up to volume with 109 BF;-methanol.
They were then incubated in a shaker bath as above. One
flask was removed at cach of the following intervals: 15, 30,
and 45 minutes and 1, 2, 3,4, and 5 hours. The flasks then
were treated as above, and yiclds were calculated from the
two samples which had the greatest peak arcas.

Recoverics.  Recoveries were determined by preparing an
aqucous solution, containing all seven acids or salts in known
concentration (approximately 0.8 umole/ml of each acid or
salt), taking three 10-ml aliquots and treating them as urine
samples, including HCl-methano!  csterification.  Because,
as a result of the method, the components of the 10-ml
aliquot were brought to a final volume of 1 mi, a final con-
centration of approximately 8 pmoles/ml of each ester
represented 10097 recovery. The mean recoveries were
calculated.

The effect of other urine components on the recoveries of
the anions was determined. The following were prepared
in triplicate: 1) 10 ml of urine and 10 ml of acid-salt standard
solution (aqueous) in which each anion, added as either the
acid or salt, was at a concentration of 0.1 pmole/ml, 2)10ml
of urine and 10 ml of H,O, and 3) 10 ml of acid-salt standard
solution and 10 ml of H,O. All samples were subjected to
deproteinization, neutralization, and centrifugation pro-
cedures; and the supernatants were transferred to small
screw-cap polyethylene bottles and frozen. At intervals
of 3 to 5 days, one urine + standard solution, one urine,
and one standard solution were thawed and analyzed. The
effect of urine components On recovery was calcuiated for
each acid:

recovery from urine =

[urine + standard solution] — [urine]
[standard solution]

X 1009, (2)

analyzed concentration of ‘re-
sulting ester when urine ar'
acid-salt solution were com-
bined,

analyzed concentration of re-
sulting ester of urine and H.O,
and

[standard solution] = analyzed concentration of re-

sulting ester of acid-salt solu-

tion and H.O.

where [urine +
standard solution]

]

[u‘rine]

Also, the analyzed ester concentrations of the acid-salt
solution were compared to the initial acid or salt concentra-
tions. The same study also was carried out at concentrations
of 0.8 and 2.5 umoles/ml.

Precision. The precision of the method was studied by
comparing the results of five replicate analyses in which
aliquots of the same urine sample were individually carried
through each of the preparatory steps. The mean concen-
tration and standard deviation were calculated for cach acid
found.

Concentrations in Urine. Scven normal and pathological
urine samples were analyzed as described above.  The range
of concentrations found was calculated for each acid.

RESULTS

Gas Chromatography. Onc well-separated peak was ob-
tained for the methyl esters of lactate, fumarate, succinate,
malate, e-ketoglutarate, and citrate on the DEGS column.
However, a *“shoulder” was observed on the a-ketoglutarate
peak after HCl-methanol esterification.  Pyruvate gave two
peaks with either method of esterification; the peak arcas were
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Figure 1. Chromatogram of methyl esters obtained from a
solution of pure acids and salts prepared like a urine sample
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Scparation is on DEGS; sensitivity is 1.09 X 10-*A/full scale;
other conditions as in Table 1. Identifications are given in the text

combined to estimate the amount of pyruvate. (This com-
bination is strictly valid only if the responses of the two com-
ponents are identical; otherwise, it is to some extent an ap-
proximation. When the compound represented by the second
peak, methyl 2,2-dimethoxypropanoate (/17), is available, its
response should be determined and calculations of pyruvate
concentration made accordingly.) These esters also were well
separated on the XE-60 column, except that lactate and the
first pyruvate peak were not resolved. The order of elution
was also similar; however, on XE-60 laurate was eluted be-
tween malate and a-ketoglutarate.
obtained from a mixture of acids and salts, prepared like a
urine sample, is illustrated in Figure 1. Peak identifications
are as follows: 1) solvent, 2) methyl pyruvate, 3) methyl
lactate, 4) methyl 2,2-dimethoxypropanoate (/1), 5) dimethyl

Table Ill. Regression Equations Derived from
Response Data
. . Standard
Ester Pearson's Regression equation error
(1025 coefficient of __ (¥ = bx + a)° of the
pmoles/ml) correlation b a estimate
Pyruvate 0.999 66.2 6.28 23.7
Lactate 0.997 64.3 49.6 37.8
Fumarate 0.99 130 7.60 146
Succinate 0.99 128 9.78 142
Citrate 0.998 109 68.6 55.9
Citrate 0.99 90.8 37.9 428
(510100
wsmoles/ml)
Esterified malic 0.994 log y = 1.23 log x 0.08
acid 4 1.55
e y = peak area in iniegrator units at attenuation of 6.28 X 103,

concentrat.on of ester (or malic acid) in micromoles per
milliliter.

X

Table 1V. Reproducibility of the HCl-Methanol Esterification

Amount
added Recovery?®
Anion (pmoles/ml) (%) Range

Pyruvate 8.95 97.3 91.6-104
Lactate 8.63 85.7 84.2- 86.6
Fumarate 8.89 79.8 79.1- 81.3
Succinate 9.10 83.0 82.0- 84.3
Citrate 8.89 81.4 76.7- 85.6

« Mean of three determinations.

A chromatogram of esters -
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Figure 2. Chromatogram of methyl esters of acids isolated
from a normal adult female human urine sample, prepared as
described in the text

Separation is on DEGS; sensitivity as indicated; other conditions
as in Table I. Tentative identifications are given in the text

fumarate, 6) esterified benzoic acid, 7) dimethyl succinate, 8)
methyl laurate, 9) dimethyl malate, 10) dimethyl a-keto-
glutarate (/7), 11) dimethy! 2,2-dimethoxyglutarate (/) and 12)
trimethyl citrate. Figure 2 shows a chromatogram from a
urine sample. The peaks are tentatively identified as: 1)
through 4) as above, 5) esterified benzoic acid, 6) dimethyl suc-
cinate, 7) methyl laurate, 8) dimethyl malate, 9) dimethy! a-
ketoglutarate (/1), 10) dimethyl 2,2-dimethoxyglutarate (/)
and 11) trimethyl citrate. Unidentified peaks are unknown.

The reproducibility of the injection was evidenced by the
small relative standard deviation of the mean peak area for
the nine consecutive injections of methyl lactate solution:
926 units = 2.37%.

The response of the gas-liquid chromatographic (GLC) sys-
tem to the methyl esters studied was linear within certain con-
centrations, but did not extrapolate through the origin.
results are summarized in Table III. The response to tri-
methyl citrate was also studied at higher concentrations, be-
cause higher concentrations are sometimes found in urine.
This response was linear in the concentration range of 5 to 100
umoles/ml, as indicated in Table III.

The use of a concentration/response ratio in calculating un-
knowns is valid, if the response curve is linear throughout the
required range and passes through the origin—i.e., if the
regression equation has the form:

y=bx €)
1
concentration/response ratio’

in which 6 = If the regression

is linear but does not pass through the origin—i.e., if the -

regression equation is:
y=bx+a @

the use of a concentration/response ratio leads to systematic
errors in calculating concentrations of the unknown, important
especially when the concentrations are low. Consequently,
unknowns were calculated from the regression equations,
rather than being calculated from response factors.

For the malate and a-ketoglutarate response data, only the

log-log malate plot was linear. The results are given at the

bottom of Table IH1,

Since a-ketoglutarate plots were not lincar, the acid concen-
tration vs. peak arca data were used in calculating unknowns.
Unknown a-ketoglutarate concentrations were interpolated
from the peak area of the unknown and the responses of two
known proximate acid concentrations.
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} e Table V. Recovery of Acids and Salts (%, of Theoretical)
: . A B c D
i ’ 0.1 pmole/ml- 0.8 umole/mlo 0.8 umole/ml* 2.5 pmoles/mls
: of each added of cach added _ofeachadded of each added _
: ‘ Anion Mean Rdngc Mean w_m“lfangc Mcan Range Mean Range
{ oY pruvate 47.6 0-70.2 48.3 45.3-50.9 37.1 32.0-40.5 40.5 30.7-52.2
Lactate 109 88.2-133 65.6 65.3-66. 1 79.0 76.2-82.6 79.1 78.1-80.4
\ ' Fumarate 81.5 72.0.90.4 76.4 74.9-78.2 81.6 78.1-85.4 90.3 88.9-92.2
S0 succinate 103 91.7-113 82.5 81.9-83.1 86.0 81.9-89.6 95.9 94.0-98.0
! ' valate 367 352-388 119 117-121 152 149-158 126 123-128
] +Ketoglutarate 104 104-104¢ 123 119-126 141 126-150 105 95.4-112
~ l Curate 127 105-159 94.9 91.9-98.4 112 109-115 119 114-124
T 1. C, D = three aliguots each prepared and chromatographed on different days.
B = three aliquots each prepared on the same day and chromatographed on the same day.
s Lsol.ned [ s Concentration of the original solution, which is concentrated ten-fold before injection,
-epared as * Only two determinations.
conditions !
Table VI. Recovery from Urine (%)
‘ A B C
sinate, §) No. of No. of No. of
1 a-keto- deter- deter- deter-
Siand 1) Anion minations  Mean Range minations Mean Range minations Mean Range
- from a Pyruvate 2 41.3 35.0-47.4 2 100 94.9-105 3 122 92.9-153
,i as: D Lactate 3 42.7 34.3-57.1 2 57.9 46.8-69.0 3 93.8 91.7-95.2
' Fumarate 2 80.2 73.3-85.0 2 101 94.5-107 3 96.4 93.2-101
sthelsues g cinate 2 0.1 56.0-77.1 2 98.5  94.0-103 3 98.4  97.1-100
—ethyl x- Malate 3 28,9  22.931.9 2 77.0 73.6-80.4 3 88.4 86.5-90.4
rae ) iKetoglutarate 2 141 131-151 2 73.2 63.9-82.4 3 93.8 86.7-107
NDOWTL. Citrate 3 64.0 40.4-82.9 2 82 77-86 3 88.6 86.3-92.8
=3 by the * Urine plus acids were concentrated ten times before injection. The following quantities of anion were added to each milliliter of urine:
o oar 3r 4 =0.1 umole
Ghaon; | 2208 umae
SLCsys-
.7rain con-
sin. The Esterification. The HCl-methanol method of esterification graphed. Urine sample results were corrected for recovery of
=< o - vielded ester representing from 79.8 to 97.3% of the starting the pure acids and salts.
ztions. be- acid (Table IV). It is difficult to compare these yields, based The effect of urine on recovery is illustrated in Table VI.
i unne. onamount of ester formed, with those previously reported (17), Substances in the urine particularly interfered with recovery of
27510100 which were based on the amount of acid remaining. The the oxygenated acids at very low concentrations (0.1 uzmole/
o ‘ optimal time for BF;-methanol esterification was found to be ml) and with lactate at 0.8 pmole/ml. At higher concentra-
~-21ing un- i between 3 and 4 hours. The HCl-methanol method was pre- tions there was little interference.
‘i*'hof“ the ferred, because of the much greater trimethyl citrate yields. Precision. The relative standard deviation, calculated for
e, if the Peak areas of acids and salts esterified with HCl-methanol each acid for five analyses of the same urine sample, varied
tended to increase, if the solutions were allowed to stand over- from 4.277 at a concentration of 1157 nmoles/ml of citrate to
3 night from the Ist to the 2nd day (except lactate, which de- 25.9% at a concentration of 88 nmoles/ml of pyruvate (Table
creased slightly), indicating that the esterification reaction was VII). Relative standard deviations over 20%, were obtained
regression not complete after 4 hours. Variable sensitivity of the instru- at very low concentrations (below 100 nmoles/ml). At higher
: ment was taken into account by noting changes in the response concentrations relative standard deviations decreased.
~e., if the t0 a methanol solution of pure esters over a 15-day period. Concentrations in Urine, Urine concentrations of the
The peak areas of pyruvate, lactate, and a- -ketoglutarate ap- acids studied are indicated in Table VIIL,
4) Peared to be constant from the 2nd through the 15th day.
53 sternatic However, after the 2nd duay, the peak arca of citrate dimin- DISCUSSION
mportant ished rapidly; and those of fumarate, succinate, and malate Gas Chromatography. As recommended by the manu-
sequently, also decreased, but more slowly.  All urine samples were chro- facturer for maximum sensitivity, extra helium was added to
squations, Mmatographed on the day after HCl-methanol esterification. the carrier effluent, making the flow at the burner tip 120
Recoveries. The mean -recoveries of pure acids and salts, ml/min (see Table I).
o he following all of the processing steps noted above, varied An isothermal column temperature was not satisfactory for
ven gz the | from37t0 127 Yor txcept for malate, and are shown in Table V. the separation of these esters, because of the wide range of
The recoveries of malate, much greater than 1009, indicated boiling points. Nor was a single linear temperature program
id concen- me interference, which was particularly evident at low applicable, because the peaks were eluted in pairs; and either
nknowns. Malate concentrations. The low pyruvate values were due the time between pairs, and consequently the analysis time,
terpolated [ 10 losses during the evaporation step, as evidenced by low was 100 long; or the peaks within a pair were not resolved.
ses of two | MYTuvate recoveries obtained when a formic acid solution of A multilinear temperature program (Table I) was found to be
aids and salts was evaporated, esterificd, and chromato- satisfactory. This program precluded use of the Kovats Re-



Table Vil. Reproducibitity of Five Replicate Analyses of TCA Cycle and Related Acids in Human Urine?

Relative

) B Nanomoles/mt S.D.

Anion #l #2 #3 4 #5 Mean S.D. .E. (%)

Pyruvate 110 80.0 78.0 113 59.5 88.1 22.8 10.2 25.9
Lactate 44 45.3 53.5 41 65.5 49.9 9.9 4.4 20
Succinate 11 7.0 7.5 9.5 13.1 9.6 2.5 1.0 25
a-Ketoglutarate 237 171 166 170 166 182 31 14 17

Citrate 1077 118t 1202 1155 1172 1157 48 22 4.2

s The urine specimen was a single voiding, collected ina chilled container from a hospitalized child, Five aliquots were taken and processed

separately.

® Calculated concentrations in the urine; concentrations injected were twenty times these,

Table VIII. Range of Concentrations of TCA Cycle
and Related Acids in Seven Samples of Human Urine

Anion Nanomoles/ml
Pyruvate 59.0-189
Lactate 53.54-81.0
Fumarate 0-30.3
Succinate 23.0-85.6
Malate 13.5-112
a-Ketoglutarate 74.5-499
Citrate 65-3250°

s Four urines contained less than 53.5 nmoles/ml, which could

not be measured.
b One urine contained more than 5030 nmoles/ml, which could

not be measured.

tention Index for identification, proposed for isothermal sys-
tems (23) and later extended for use with linear temperature
programming (24). The relative retention was, therefore, used
as the basis for identification, with methyl laurate as an in-
ternal standard, because it is stable and was eluted approxi-
mately midway through the program.

Several compounds were esterified and chromatographed to
determine whether a peak which interfered with the analysis
would be obtained. No interfering peaks were observed on
either DEGS or XE-60 for the following:  creatine, creatinine,
tartaric acid (tested on DEGS only), perchloric acid, alanine,
arginine, aspartic acid, cystine, glycine, histidine - HCl- H.O,
hydroxyproline, leucine, lysine-HCI, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine, and valine.
acid, glutamine, and methionine gave very broad peaks on
XE-60. However, these appeared after the citrate peak and
did not interfere with the analysis. As expected, peaks were
observed for several carboxylic acids on DEGS, including
glycolic, oxalic, malonic, and adipic. A peak also was noted
for trichloroacetic acid, a common deproteinizing agent, on
both columns. Methyl lactate and trichloroacctic acid were
indistinguishable on DEGS; therefore, HCIO,, rather than
CCl,COOH, was used for deproteinization.  Also, commer-
cially obtained methyl esters of the saturated, straight-chained
fatty acids Cs and Cs through C)q gave well-separated peaks on
both columns. However, some overlapping with acids being
studied was observed.  Because these fatty acid methyl esters
represented only a few of the many unknown acids which may
appear in urine, it his been necessary to contirm identifications
on at least one other column.  The XE-6( column has been
used for this purpose.  An alternative contirmation procedure

(23) E. Kovats, Hele. Chim. Acta, 41, 1915 (1968).
(24) K. Van den Dool and P. D. Kratz, J. Chromatogr., 11, 463
(1963).

Glutamic .

would be to compare retention data of two derivatives (2/).
The trimethylsilyl ester, originally proposed by Horii (/8), wu,
applied with some success (12, 21). We have not yet investi-
gated this possibility.

As previously noted, pyruvate gave rise to two peaks with
cither esterification procedure; the first of which has been
identified as methyl pyruvate by retention data. This phe-

nomenon, following HCl-methanol esterification, was previ- -

ously reported (8, 11); and the first peak also has been identi-
fied as methyl pyruvate using other analytic techniques (J1).
These two peaks were not due to instrumental conditions, as
suggested by Estes and Bachmann (/6), because the commercial
ester in methanol solution gave only the first peak. Thus, it
also seems the two peaks are not due to a spontaneous disso-
ciation and equilibrium between two forms of the ester in
solution. Extracting the reaction solution with chloroform
increased the second peak, while the first peak disappeared,
supporting the possibility of interconversion. As previously
suggested (16), this interconversion seems to be the reason for
the single pyruvate peak, eluted after lactate, observed by
Alcock (/4). The sccond peak has been identified as methyl
2,2-dimethoxypyruvate (/7). A single pyruvate peak was ob-

~ served by Gee, using HCl-methanol-thionyl chloride esterifica-

tion (9), and by others, using diazomethane esterification (15,
20). However, Simmonds et al. (1I) reported two peaks for
pyruvate with diazomethane; the first, methyl pyruvate, was
rapidly converted to the second, methyl 2-methylglycidate.
Presumably, the single “pyruvate” peak finally obtained b
this esterification is not methy!l pyruvate. A single peak was
obtained by Horning et al. (12) for the trimethylsilyl ester.
when a derivative of the keto group also was formed.
Esterification of a-ketoglutaric acid yielded one peak with
BF;-methanol and two peaks (unresolved on DEGS) wilh
HCl-methanol. Two peaks for a-ketoglutarate with HCl-
methanol were previously observed (/7). The first was
identified as the dimethyl ester; the second as dimethyl 2.
dimethoxyglutarate, by Simmonds ef al. (/7). Multiple peaks
for a-ketoglutarate, esterified with diazomethane, also wer
reported (11, 15); the first was identified as the dimethyl estef

~and the second as 2-(carbomethoxyethyl)-glycidate )

When a derivative of the keto group also was formed, a singlé
peak was obtained for the trimethylsilyl ester (12).

Oxaloacetic acid, at about 25 umoles/ml, when esterified
with HCl-methanal yiclded only two very small peaks, tentd
tively identificd as pyruvate, which account for less than 5%
of the acid.  This may complicate interpretation of pyruvaté
analyses-but scems minimal,

Trans-aconitate, after HCl-methanol esterification, yicld"fj
one peak cluted just after «-ketoglutarate on DEGS, as prevd
ously reported (78).  Cis-aconitate, similarly treated, yielde
three peaks:  the first in order of elution had the same relative
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retention as the trans peak, and the third was cluted just before
citrate.  The peaks, listed according to size,were: 2> 1>3,

When either isocitric acid lactone or trisodiumt isocitrate was
esterified with HCl-methanol in the usual wav, a very small
succinate peak (tentative identitication), accounting for less
than 3% of the isocitrate, and a small peak, eluted just after
citrate, which increased after refrigeration for 10 days to ac-
count for about 20% of the starting material, were observed.
The 209 estimate was based on citrate response. The crror

. in succinate analysis, due to the succinate produced, would

probably be minimal. _

Bariun oxalosuccinate, when esterified with BF ;~methanol,
gave three main peaks, the GLC of which has not been previ-
ously reported: the largest was tentatively identified on
DEGS as a-ketoglutarate; one of the other two, which were
much smaller, was tentatively identified as succinate. The
remaining small peak was cluted just after the second pyruvate
peak and was similar in retention to oxalate. It seems, there-
fore. that high concentrations of oxalosuccinate would distort
a-ketoglutarate and, possibly, succinate analyses.

Due to the formation of multiple peaks or to the failure to
produce a characteristic peak, oxaloacetate, cis-aconitate, iso-
dtrate. and oxalosuccinate were not included in the present
quantification.

Isolation of Acids from Urine. In order to denature en-
zymes, which could modify the original TCA cycle acid
content, urine was collected over ice and kept cold until
deproteinized. Although the Dowex 2 exchange capacity
and rate are considered to be independent of pH (4), we noted
that very low recoveries were obtained when neutralization was
omitted following acid deproteinization. This may have been
due to high perchlorate ion concentration in the unneutral-
ized sample. Neutralization with KOH precipitated the
perchlorate. Samples were adjusted to pH § before ion ex-
change, to ensure reproducible recoveries.

Because TCA cycle and related acids are excreted in rela-
tively low concentration in the urine, it was necessary 1o con-
centrate the acids for GLC analysis.  After evaporation of the

urine, the large amount of gum-like residue could not be dis-

solved in small amounts of solvent. Ether extraction alone
has been reported to be inadequate. Because of the variety of
components in urine, further purification was necessary 13).
Organic acids have been extracted more completely by ion ex-
change than by cther extraction (). In particular, ether ex-
traction of citrate was incomplete (21); and ion exchange was
recommended for such polyfunctional acids (/9).

A method of isolation proposed by Alcock (74), based on
exhaustive ether extraction, which also required adsorption of
the acids on acid alumina and elution with BF;-methanol, was
rejected.  Recoveries, which included prior deproteinization
and neutralization, were inconsistent in our hands; and the
substantial volume of BF,-methanol required to ¢lute the acids
from the alumina made further concentration of the efflucnt
Necessary.

An ion exchange procedure appeared to be the most satis-
factory for our purpose.  Dowex resin has been used to isolate
acids from biological fluids. for gas chromatography (20).
Formation of lactic acid from sugar breakdown, observed on a
Dowex 2 resin, was not noted with Dowex 2 in the formate
form(4). However, the ion exchange procedure did introduce
an unknown peak in the gas chromatogram between dimethyl
fumarate and dimethyl succinate. A similar unknown peak
was reported after ion exchange and subsequent gas chroma-
tography (/5). When benzoic acid was esterified and chroma-
tographed on DEGS, the peak obtained had the same relative
Tetention as the unknown peak, which, consequently, was ten-

tatively identitied as the esterification product of benzoic acid.
This benzoic acid may be a product of the breakdown of the
Dowex 2 resin. which has a polystyrene lattice, in the presence
of the formic acid.  Isolations with several other, smaller col-
umns were attempted; but recoveries were low.  The resin
was purchased in the formate form, because attempted conver-
sions from the chloride form were unsatisfactory. A 15N
ammonium carbonate solution had been used as an ion ex-
change eluent (25).  The cfituent was subsequently evaporated
to dryness in a rotary evaporator at 60 °C, thereby decompos-
ing and removing the (NH,),CO;. When a solution of the
acids used in this study was prepared in 1.5M (NH,).CO;,
evaporation, esterification of the residue, and gas chromatog-
raphy yiclded only a small citrate peak, indicating a loss of
most of the acids.

Esterification. The low volatility and thermal decomposi-
tion of some of the acids being studied necessitated the
formation of a derivative prior to gas chromatography (18).
The increased volatility and stability, ease of formation, and
commercial availability of methyl esters was advantageous.
Solvent evaporation after esterification was avoided to reduce
losses of the more volatile esters (/3, 20). Repeated extrac-
tions with chloroform were incomplete; and the pyruvate
peaks were disturbed, as described above. Consequently,
chloroform extraction of the esterification reaction mixture
was rejected; and the reaction mixture itself was chromato-
graphed.

CONCLUSION

Although gas chromatography itself is rapid, it effects a
simultaneous analysis of several compounds in a very small
aliquot, and may be particularly useful in working with radio-
actively labeled compounds, GLC analyses of biological mate-
rial is difficult. The difficulty stems from the complexity of
biological samples on the one hand and their often extremely
low concentration on the other. With pure esters the gas
chromatographic system gives reproducible results, and cor-
relation coefficients calculated for response data are close to
unity.

The preparatory steps necessitate large sample volumes (10-
20 ml) and result in some low and/or variable recoverics. In-
complete and/or nonreproducible ester formation does not
seem responsible for these low and/or variable recoveries.
Apparently the losses are incurred during the ion exchange and
subsequent evaporation procedures. The method reported in
this paper is applicable to urine as described. 1t will be mor.
accurate, precise, and useful, when the preparatory steps u:
improved or can be deleted.

ACKNOWLEDGMENT

We acknowledge the many helpful suggestions from All.
Budd of Beckman Instruments during the initial stages of th
investigation. We are grateful to John Perry of Perkin-Elmu
for reviewing the manuscript.

RecetveDd for review. April 24, 1969.  Accepted August 29,
1969. This study was supported in part by grants HD-178-01-
03 and HD-02912-01 of the National Institutes of Hculth
U.S.P.HS. and the Kunstadter Fund of the Department of
Pediatrics. This paper was presented at the 20th Annual Mid-
America Symposium on Spectroscopy, SAS, Chicago, May
12-15, 1969. . :

(25) F. E. Resnick, L. A. Lee, and W, A, Powell, ANAL. CHEM., 27,
928 (1955).




From French publication, Bull. Soc. chim, Biol., 1963, 45, Nos. 7-8, pages

803 -~ 811

Enzymatic determination of L-malic acid in the blood l 33?

by R. Nordmann, M, Arnaud (*) and J. Nordmann
(Biochemical Laboratory, la Salpetriere Surgical Clinic, Paris (13).
(Paper received April 15, 1963).

Malic acid in the blood has not, until now, been measured by anyone except
Hummel /1/ with the aid of a fluorimetric technique involving condensation in
homo-ombelliferone (7-hydroxy-5-methyl-coumarine) of malic acid with orcinol
in sulphuric medium. But this method lacks specificity, and the results ob~
tained in its use can be fraught with errors due to interference of substaA-
ces where the structure is very differgnt from that of the malic acid. More-
over, it also determines the L-malic isomer a constituent of the tricarboxylic
cycle, and the D-malic isomer whose place in metabolism has been specified in
recent works /2,3/.

We will describe here an enzymatic technique which permits the determina-
tion of just the L-malic isomer in the blood; the reﬁults thus cbtained have
been compared with those of measurements made in parallel by Hummel's tech-
nique /1/.

The principle which we have épplied to the enzymatic determination of 1~
malic acid in the blood is identical to that used by Hohorst et coll. /4/,
for the measurement of L-malic acid in the liver of the rat, but different
modalities had to be developed by reason of the very low concentration of
L-malic acid in the blood, and particularly in the blood plasma,

The unfavorable equilibrium /5/ of the reactions

L-malic acid +NAD forms and is formed by oxalo acetic acid + NaDH + H+
catalyzed by L-malate : NAD oxydoreductase (1.1.1.37(k*); malicodehydrogen=
ase), is modified by addition of a substance such as hydrazine sulphate which
reacts with ogglo acetic acid. Under these conditions, and with a pH'of 9.6,
the reaction is totally deviated from left to right, so that there is equal-

ity between the number of molecules of L~malic acid initially present and
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that of NADH, formed. The latter is determined thanks to the variation in
optical density at 340 m mu according to Warburg's optical test.

The adjunction of hydrazine sulphate or some other reagent of the carbonyl
group 1is, however, responsible for a certain number of technical difficulties
which we shall analyze below. Similar difficulties are encountered in the
enzymatic determinations of lactic acid /6/ and beta-hydroxy butyric acid
/7/ in the blood, but they.are particularly sensitive during the determina-
tion of L-malic acid, because the concentration in the blood is much smaller
than that of lactic or beta-hydroxy-butyric acid.

Technique

Description of the technigue

The determination is made by successively introducing, into 2 tanks of
quartz, 1 cm thick, 2.5 ml of the sample to be analyzed (containing 2 x
10~2 to 2 x 107 mu moles of L-malic acid); 0.45 ml of a glyco-glue/hyéra-
zine sulphate/soda buffer (final concentrations, respectively : 1 M/0.l
M/0.274 M) (pH : 9.6), then, 15 minutes later, 50 mu 1 of a 6 x 10—2 M sol-
ution of NAD+ (Boehringer). .

We then add, to one of the two tanks, 20 mu 1 of a preparation of malico
dehydrogenase (pork heart extract) in solution (0.5 mg/ml) in glycerol at
30%, and having a specific activity /8/ of 7500 units/mg (Boehringer).

" We then compare, with the aid of a Beckman DU spectrophotometer, the ab-
sorption at 340 m mu of this test tank with that of the control tank (con-
taining no enzyme(, the readings being made very 5 minutes until a level,
stable for 20 minutes, is obtained.

The concentration of L-malic acid in the sample is calculated from the
difference in optical density between the two tanks at the moment this level
is obtained, with consideration of a coefficient of extinction for the NmDH2
of'6.22 cmZ/mu hole at 340 m mu /9/.

The application of this technique to 10 samples of 2.5 ml of control sol-

utions containing 4 x 10"3 to 8 x 10"3 mu moles/ml of L-malic acid (Rastman
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Kodak) gave us a recovery of 97 + 3%.

Application of the method to blood

(1) Choice of anticoagulant and s;mpletaking
The blood taken by venous puncture is collected on sodium f£luoride
(1.5 mg/ml of blood) agg heparin (0.25 mg/ml of blood). We verified that
such concentrations of fluoride and heparin do not inhibit the enzymatic de-
hydrogenation of L-malic acid.

For determinations in plasma and the red corpuscles, the blood is centri-
fuged at +4%c. If this centrifugation cannot be done immediately, the blood
can be kept for 2 hours at +4°¢C without alteration of the concentration of
I-malic acid in ﬁhe plasma and the red corpuscles.

(2) peproteinization

peproteinization is carried out by addition of an equal volume of
perchloric acid (30% p/v) for the whole blood and 6% for plasma. In the
case of the red blood cells, the hemolysis is carried out by addition of 4
vélumes of distilled water for .3 volumes of red cells, then freezing at
—10°C, and thawing; we then add a volume of 6% perchloric acid equal to that
of the red blood cell hemolysaﬁe.

After centrifugation, an aliquot part of the supranatant liquid is alkal-
inized to a pH of 9.6 by addition of 2 N KOH, with notation of the volume of
KOH used. After 30 minutes at +4°C, the precipitate of potassium perchlorafe
is eliminated by centrifugation and the determination of L-malic acid is
made on 2.5 ml of the supranatant. The latter can be kept for several days
at +4°C without alteration of the percentage of L-malic acid.

(3) Reproducibility of the results.

Making ten determinations of L-malic acid on a given plasma, we found,
for an arithmetic mean of 0.255 mu mole/100 ml, a value for (2 sigma)/square
root of N, of ¥ 0.0096, (sigma being Ehe estimated typical spread,»and N

the number of determinations). The extreme values obtained during these
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determinations are 0,242 and 0.287 mu mole/100 ml,
(4) Recovery of the L-malic acid added to the plasma |
on adding 4 x 10-'3 to 15 x 10-3 mu moles of L-malic acid per ml of plas-
ma to plasmas whereof the L-malic acid concentration was previously determined,
the results obtained dur.ing the enzymatic measurement of this acid indicate
a recovery of 97.8 + 3.9% (arithmetic mean + (2 sigma/square root of N)
(Table I).
(5) Specificity
pD-malic acid is not dehydrogenated by the enzymatic preparation used,
and its presence, in a quantity equal to that of the L isomer does not inter-
fere with the dete;mination of the latter. Thus the application of the tech-
nicque described, to a control solution containing 10-2 mu mole/ml of DL-malic
acid yields results corresponding to the L-malic isomer content of this sol-

ution (5 x 10”2 mu mole/ml.

Table I. Reco‘very of L-malic acid added to the blood plasma

Column I. Determination of L-malic acid in plasma before adjunction
(in mu moles/100 ml)
IXI. Quantity of L-malic acid added to the plasma (in mu
moles/100 ml)
IXII. Determination of L-malic in plasma complemented by L~
malic acid (in mu moles/100 ml)

“IV. Percentage of recovery of I-malic acid)
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0.309 0.400 0.784 110.6 p. 100
0.317 1,400 0.717 100,0 p. 100
0.329 0.400 0.690 94,7 p. 100
1.032 0.400 1.380 96.2 p. 100
0.329 0.800 . 1,080 95,7 p. 100
0.331 0.800 1.089 96.1 p. 100
0.332 0.800 1,042 92,0 p. 100
0.329 1.500 1.775 97.2 p. 100

The presence.in the blood of lactic acids and beta-hydroxy butyric acids
does not interfere with the determination of L-malic acid under the condi-
tions described. As a matter of fact, we have observed no alterafion.of the
optical density at 340 m mu in the course of the addition of malico dehydro-
genase, on replacing the blood defectate by solutions of lithium lactate or
sodium beta-hydroxy-butyrate whose concentrations corraspbnd to the maximum
figures described for these 2 acids in normal blood.

Discussion of the technique

In order that the alteration in optical density, after addition of the
enzyme, will be of sufficient amplitude to pemmit precise readings, we were
led, in view of the low concentration of malic acid in the plasma, to use a
volume of defecate (2.5 ml) much larger than that usually called upon for
enzymatic analyses based on the Warburg optical test.

The resulting drawback is that the concentration of interfering sub-
stances present in the plasma is likewise increased.

Thus, after addition of the glyco glue/hydrazine sulphate/soda buffer,
there is a gradual drop in the optical density, followed, after about 15

minutes, by a stabilization of the latter. This drop. apparently due to an

jnteraction between the hydrazin and certain constituents of the blood de-
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fecate, 1eﬁ us to wait 15 minutes between the addition of the buffer and that
of the NAD+. -

The alterations in optical density consecutive to the addition of NAD+
consist in an immediate rise, followed by a more discrete but gradual eleva-
tion, varying in amount according to the defecates. They are apparently due
to the non-enzymatic formation of a complex of addition between the NAD+ and
the reagent from the carbonyl group /6, 10/.

In looking for the factors enabling us to reduce £o a minimum these alter-
ations in optical density supervening before the addition of malico dehydro-
genase, we were led to substantially reduce the hydrazine sulphate concentra-
tion relative to that recommended by Hohorst et coll. /4/. Under these condi-
tions, the variations in optical density remain minimal; we nevertheless elim-
inate their influence by using, as control, a tank containing all the reagents
except the enzyme. It should be noted that these variations in optical den-
sity cannot be eliminated either by substitution of the A5203/NaOH buffer /6/
by the glyco glue/soda buffer, nor by addition of ethylene-diamine-tetra
acetic acid in the final concentration of 0,75 mu mole/ml.

The dehydrogenation of the malic acid under the conditions.described, is
relatively slow, but is not accompanied by an alteration in the enzyme, as
proved by the complete dehydrogenation of a supplementary quantityvof L~malic
acid added at the end of the reaction. We checked whether it was possible to
accelerate this reaction by increasing the quantities of enzyme and of NAD+.
It was thus found that the speed of the reaction was not substantially altered
by a sharp increase in the quantity of enzyme (up to 375 units). The increase
in the concentration of NAD+, however, does accelerate the reaction, but also
accentuates the secondary reactions due to interfering substances, which led
us to.avoid exceeding the quantity of NAD+ indicated in the description of

the technique (3 mu moles).



-7 -

As for the determination of the end of the reaction, we estimate, as indi-
cated above, the dehydrogenation of the L-mﬁlic acid is terminated when the
difference in optical density between the 2 tanks remains stable for 20 min-
utes. In certain cases we observe a later reduction in the difference between
the 2 tanks, the optical density of the test tank tending to meet that of the
control tank. Hohorst /11/ during the determination of lactic acid, describes
an analogous phenomenon which he attributes to a partial reoxidation of the
NADHZ} ending in the formation of an unidentified compound, having maximum
absorption at 400 m mu., This reoxidation can be prevented either by increas-
ing the concentration of enzyme, or using a measuring device sheltered from
the air. Such technical modalities are generally useless, however in the de~
termination of I-malic acid in the blood, because it is only in exceptional
cases that we did not observe a parallelism between the optical densities of
the test tank and of the control tank during a time long enough to permit fix-
ing the moment of the end of the reaction.

Comparison with the fluorimetric method

We determined, in parallel with the enzymatic measurements, the malic acid
in the blood, with the aid of a Photovolt fluorimeter with Hummel's technique
/1/, modified only in respect of the volume of the sample test (1 ml in lieu
of 0.2 ml).

Results

The proportion of L-malic acid in whole human blood, found in 13 healthy,
fasting subjects, is 1.173 + 0.270 mu moles/100 ml (arithmetic mean + (2
sigma)/ square root of N) by the enzymatic method, while the result of the
analyses made in paraliel with Hummel's technique /1/ is 1.93 + 0,20 mu moles/
100 ml.

It‘appears, therefore, that the values obtained with the aid of the enzym-
atic method described are much smaller than those of the fluorimetric tech-
nique, which speaks for the better specificity of the former,

The proportion of plasmatic malic acid determined by the enzymatic method
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in 40 healthy, fasting subjects if 0,413 + 0.035 mu moles/100 ml. We did not
observe any significant differences according to sex or age.

In the case of plasma, as in the case of whole blood, the results obtained
in parallel by the fluorimetric mefhodjare much higher (0.585 + 0.048 mu moles/

100 ml,
The ascertainment of a much lower proportion of L-malic acid in plasma

than in whole blood led us to practice the enzymatic determination of this
acid in the red blood corpuscles; We found here a concentration of 2,40
plus or minus 0.55 mu moles/100 ml (mean of 8 determinations).

The mean proportions found, respectively, in the whole blood, plasma and
red cells thus appear to be concordant, with consideration of a normal figure
of about 40% for the red cell, |
Discussion

The normal concentration of L-malic acid in human whole blood (mean of 1.173
mu moles/100 ml) is much smaller than that of pyruvic acid (8.75 mu moles/

100 ml according to Strohmeyer et coll. /12/) and citric acid (9.6 mu moles/
100 ml according to Woolcott and Boyer /13/). But it is on the same order of
size as that of alphaketoglutaric acid (0.96 mu moles/100 ml per Strohmeyer

et coll. /12/). It is also close to the normal proportion found by Grundig )14/
for oxalo acetic acid (1.36 mu moles/100 ml); for the latter acid, however,

the results found by Keller and Denz (2.86 mu moles/100 ml) /15/, are substan-
tially higher.

The distribution of malic acid between plasma and red blood cells appears
remarkable inasmuch as human red cells are much richer than plasma in this
acié, while they are poorer in citric acid /16/, and since the globular and plas-
matic concentrations are substantially identical in the case of pyruvic and
alpha-ketd glutaric acids, as witnessed by the comprison of the results rela-
tive to whole blood on theone hand, and plasma or serum on the other /12, 17,

18/.
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The relative richness of human red blood cells in I,-malic acid raises the
problem of the origin of this acid.

Mature red blood cells of mammals have no functional tricarboxylic cycle
/19, 20/. The maturation of the reticulocyte to a normocyte is accompanied,
as a matter of fact, by the almost total disappearance of the activity of the
citrate hydro-lyase (4.2.1.3; aconitase) and the succinate : (acceptor) oxydore-
ductase (1.3.99.1; succino dehydrogenase) /21/. 1In the absence of an active
citric cycle in the normocytes, the metabolism of the glucose by way of gly-
colysis leads here to an accumulation of pyruvate /22/ and lactate /23, 24/.

Malate apparently forms from these terminal products of glycolysis. Since
Rubinstein and Denstedt /24/ were unable to demonstrate L-malate : NADP oxydore=-
ductase (decarboxylant) (1.1.1.40) in the red cells, it is probable that the
malate is formed therein thanks to a GTP; oxalo acetate carboxy-lyase (4.1.1.
32) by carboxylation of phospho-encl-pyruvate into oxalo acetate, followed by
reduction of the oxalo acetate into malate. The latter is done thanks to the
L-malate : NAD oxidoreductase (1.1.1.37 ; malico dehydrogenase), the persis-
tance of which in the mature globules of the mammals was wverified by many
authors /21/.

The rise in the intra-erythrocytary céncentration of the malate, which we
have observed, in the course of preliminary experiments, by incubating human
ged blood cells with glucose, is in favor of such an endo~globular synthesis
of the malate from intermediaries formed in the course of the glycolysis.
This synthesis may represent the inverse of the transformation of the malate
into lactate, a transformation which was proven in the red blood cells of
marmmals by Spicer & Clark /25/.

The role of endo~globular synthesis of malate appears to be two=fold. On
the one hand, the carboxylation of the phospho-enol-pyruvate into oxalo ace-
tate requiring GTP (or ITP), which is itself formed from ATP thanks to the

ATP : nucleoside/diphosphate phospho transferase (2.7.4.6), would consume the

ATP, whereof the adult red blood cell produces an excess /20/. On the other
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hand, the reduction of the oxalo acetate into malate, accompanied by a reox-
idation of the NADH, produces, in the course of the dehydrogenation of the 3-
phospho-glyceraldehyde, would permit in parallel to the reduction of the pyru-
vate into lactate, avoiding an accumulation of NADH,.

We wish to thank the National Institute of Hygiene (Director: Prof. L. Bug-
nard), for their support gf this work.

(Resumes in French, English and German - See pages 810 - 811)

Bibliography

(See page 811)
Footnotes s
(*) Attachee de Recherches, Institut National d'Hygiene
Abbreviations used:
lus . . . s o
NI-\Dp or NDA : Nicotinamide-adenine-dinucleotide (oxidizedq)
NADleus leus of NADH2 : Nicotinamide-adenin»dinucleotide reduced.

NADP : Nicotinamide-adenine-cinucleotide-phosphate.

ATP : Adenosine-tri phosphoric acid
GTP : Guanosine-tri phosphoric acid
ITP : Inosine-~tri phosphoric acid

(%*) The figures following the names of the enzymes correspond to the nomen-
clature established in 1961 by the Commission on enzymes of the Union Inter-

nationale de Biochimie.

Translated by Carl Demrick Associates, Inc./GCT/db
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Die Hemmungen durch die Cl-, So7 PO Ionen und durch die nicht
hvdrolisiecrbaren Steroidsulfate wurden untersucht.

Die Struktur der Steroide bestimmt die Affinitit der Enzyme. Die. Ste-
roidsulfate mit einer 38, Suoder, 38, As; Struktur werden schneller hydro-
lisiert, chenso die cestrogensulfate und die Corticosteroide. ) )

Die Affinitiat der Steroidsulfate mit axialer Struktur ist fiir die 38, 38
Arten schwach, vollig negativ fir die 3o, 5a Arten. . .

Die Spezifitit der Steroidsulfatase von Heliz pomatia ist grosser als die
des ¢ntsprechenden Enzyms von Patella.

Es zeigt sich, dass das gleiche Enzym die 3f-Steroidsulfate und das Cor-
tisonsulfat hydrolisiert.
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DOSAGE DE L’ACIDE L-MALIQUE SANGUIN, 803
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DOSAGE ENZYMATIQUE DE L’ACIDE L-MALIQUE SANGUIN,
. 'J}
. “par?R. NORDMANK, M. ARNAUD () et J. NORDMANN.

e "~ {Laboratoire de Biochimie, Clinique chirurgicale
~ de la Salpétriere, Paris (13°).

(Mémoire regu le 13 avril 1963).

I’acide malique sanguin n’avait été dosé jusqu'ici chez 'homme que
par HumMEeL [1] & Paide d’une technique fluorimétrique, comportant
la condensation en homo-ombelliférone (7-hydroxy-5-méthyl-coumari-
ne) de Pacide malique avec Yorcinol en milieu sulfurique. Cette mé-
thode manque cependant de spécificité et les résultats obtenus lors
de son utilisation peuvent étre entachés d’erreurs dues a l'interfeé-
rence de substancds dont la structure est trés différente de celle de
Tacide malique. De plus, elle dose & la fois isomére r-malique, cons-
tituant du cycle tricarboxylique, et 'isomére p-malique, dont certains
travaux récents [2, 31 ont précisé la place dans le métabolisme.

Nous décrivons ici une technique enzymatique permettant la déter-
mination dans le sang du seul isomére r-malique ; les résultats ainsi
obtenus ont ¢té comparés a ceux de dosages faits parallelement par
la technique de HumMEeL [1].

Le principe que nous avons appliqué a la détermination enzymati-
que de l'acide r-malique sanguin est identique a celui utilisé par
HounorsT et coll. [4] pour le dosage de Pacide L-malique .dans lc foie
de rat, mais des modalités différentes ont du étre mises au point en
raison de la trés faible concentration de 'acide L-malique dans le
sang, et notamment le plasma sanguin.

L’équilibre défavorable [5] de la réaction :
Acide L-malique 4+ NAD- > Acide oxaloacétique + NADH + H
catalysée par la L-malate : NAD oxydoréductase (1.1.1.37 (**) ; malico-

(*) Attachée de recherches & I'Institut National d’Hygiéne (Directeur :
Prof. 1.. BUGNARD).

Abréviations utilisées :

NAD* ou NAD : Nicotinamide-adénine-dinucléotide (oxydé).

NADH 4 H* ou NADH, : Nicotinamide-adénine-dinucléotide réduit..
NADP : Nicotinamide-adénine-dinucléotide-phosphate.

ATP : Acide adénosine-triphosphorique.

GTP : Acide guanosine-triphosphorique.

ITP : Acide inosine-triphosphorique.

(**) Les chiffres indiqués aprés les noms d’enzymes correspondent & la no-
menclature étabhlie en 1961 par la Commission sur les enzymes de I'Union
internationale de Biochimie.
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déshydrogénase) est modifié par addition d’une substance, telle (iuc le

sulfate d’hydrazine, qui réagit avec I’acide oxaloacétique. Dans ces
conditions et a pH 9,6, la réaction est totalement déviée de gauche a
droite, si bien qu’il y a égalité entre le nombre de molécules d’acide
L-malique initialement présent et celui de NADH, formé. Ce dernier
est délerminé griace 2 la variation de densité optique & 340 my, selon

~le test optique de Warburg. .

L’adjonction de sulfate d’hydrazine ou d’'un autre réactif -du grou-
pement carbonyle est cependant responsable d’un certain nombre de
difficultés techniques, (que nous analyserons plus loin. Des difficultés
analogues se rencontrent lors des dosages enzymatiques des acides

- lactique [6] et 8-hydroxybutyrique [7] dans le sang, mais elles sont

particuliérement sensibles lors de la détermination de l'acide r-mali-
que, dont la concentration sanguine est beaucoup plus faible que celle
des acides lactique ou f-hydroxybutyrique. '

TECHNIQUE.

" Description de la technique.

Le dosage est effectué¢ en introduisant successivement dans 2 cuves
en quartz de 1 cm d’épaisseur 2,5 ml de Péchantillon a analyser (con-
tenant de 2 x 103 4 2 x 1072 uMoles d’acide r-malique) ; 0,45 ml

A d’'un tampon glvcocolle/sulfate d'hydrazine/soude (concentrations

finales respectives : 1 M/0,1 M/0,274 M) (pH : 9,6), puis, quinze minu-
tes plus tard, 50 wl d'une solution 6 X 10-2 M de NAD* (Boehringer).
On ajoute alors dans Tune des 2 cuves 20 ul d’une préparation

- de malicodéshydrogénase (extraite de ceeur de porc) en solution

(0,5 mg/ml) dans du glyeérol a 30 p. 100 et ayant une activité spéci-
fique [8] de 7500 unités/mg (Boehringer).

L’on compare alors, 4 Paide d’un spectrophotométre Beckman b,
Yabsorption & 340 mu de cette cuve-essai a celle de la cuve-témoin (ne
contenant pas d'enzyme), les lectures étant faites toutes les 5 minutes,
jusqu’a obtention d'un palier stable pendant 20 minutes.

I.a concentration de Pacide L-malique dans Péchantillon est calculée
d'aprés la différence de densité optique entre les 2 cuves au moment
de I'obtention de ce palier, en tenant compte d'un coefficient d’extinc-
tion du NADH, de 6,22 cm2/uwMole a 340 mu [9].

1.’application de cette technique a 10 &échantillons de 2,5 ml de solu-
tions témoins contenant de 4 X 103 4 8 X 10-3 Moles/ml d’acide
L-malique (Eastman Kodak) nous a donné uné récupération de 97 =3
p- 100,

Application de la méthode au sang.
(1) Choix de Yanticoagulant et prélévement.

Le sang, prélevé par ponction veineuse, est recueilli sur fluorure de
sodium (1,5 mg/ml de sang) et héparine (0,25 mg/ml de sang). Nous

BULL. SOC. CHIM, BIOL., 1963, 45, N°° 7-8.
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avons vérifié que de telles concentrations de fluorure et d’héparine
ntinhibent pas la déshydrogénation enzymatique de I'acide r-malique.

Pour les dosages dans le plasma et les hématies, le sang est centri-
fugé 4 + 4°C. Si cette centrifugation ne peut étre réalisée immédiate-
ment, le sang peut étre conservé pendant 2 heures a + 4°C. sans modi-
fication de la concentration en acide L-malique du plasma et des
hématies.

(2) Déprotéinisation.

La déprotéinisation est réalisée par addition d'un volume égal
d’acide perchlorique & 30 p. 100 (p./v.) pour le sang total, 4 6 p. 100
pour lo plasma. Dans le cas des hématies, I'hémolyse est effectuée par
addition de 4 vol. d’eau distillée pour 3 vol. d’hématies, puis congé-
Jation 4 —10°C. et décongélation ; on ajouie alors un volume d’acide
perchlorique & 6 p. 100 égal a celui de 'hémolysat d’hématies.

Aprés centrifugation, ure partic aliquote du liquide surnageant est
alcalinisée jusqu’a pH 9,6 par addition de KOH 2 N en notant le volu-
me de KOH utilisé. Aprés 30 min. & + 4°C,, le précipité de perchlorate
de potassium est éliminé par centrifugation et le dosage de lacide
r-malique est effectué sur 2,5 ml du surnageant. Ce dernier peut étre

conservé plusieurs jours 4 + 4°C. sans (ue sa teneur en acide r-mali-
que se modifie.

(3) Reproductibilité des résultats,
En effectuant dix dosages d’acide r-malique sur un méme plasma,
nous avons trouvé, pour une moyenne arithmétique de 0,255 uMol./
2q -
\/—T\‘— de + 0,0096 (s étant Pécart-type estimé et
N le nombre de dosages). Les valeurs extrémes “obtenues lors de ces
dosages sont de 0,242 et 0,287 uMol./100 ml.

100 ml, une valeur de

{4) Récupération de I'acide L-malique ajouté au plasma.

En ajoutant de 4 x 1073 a4 15 x 1073 pMoles d’acide L-malique par
ml de plasma & des plasmas dont la concentration en acide L-malique
avait été précédemment déterminée, les résultats obtenus lors du do-
sage enzymatique de cet acide indiquent une récupération de 97,8 =

235
3,9 p. 100 (moyenne arithmétique =. -

\' N

) {tableau D).

(3) Spécificite.

I’acide p-malique n’est pas déshydrogéné par la préparation enzy-
m’:lxtxquc. utilisée ct sa présence, en quantité égale a celle de Pisomére L,
n u‘)terfcre pas avec le dosage de ce dernier. C’est ainsi que 1'appli-
cation de la technique décrite a une solution témoin contenant,

%l)“-’ uMol./ml d’acide pr-malique donne des résultats correspondant
i la teneur de cette solution en isomére L-mulique (5 x 1077 uMol. ‘ml).

BULL. SOC. CHIM. BIOL., 1963, 45, ~°* 7-8.
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TABLEAU L

Récxipératiozz de z’acidg-malzque a;oute/’gu plasma sanguin.

'aci e ar s Dosage de l'acide

I{)-On?:isieudee t;a?sldlee Quantité d'acide L—maﬁqne dans le | Pourcentage de
plasma gvant. adjone- L{;‘:}:‘\gg :{f&:‘z’%‘& plasm?r addll_tXODﬂ(é récupération de
i plas B 'acide L-malique (en| I'acide L-malique

Hoe (enn’ﬁh;meslm wi) ac otes/100 ml) | i
0,309 0,400 0,784 110,6 p- 100
0,317 0,400 0,717 100,0 p. 100
0,328 0,400 0,690 94,7 p. 100
1,032 0,400 1,380 96,2 p. 100
0,320 0,800 1 17080 | 95,7 p. 100
0,331 0,800 1,089 - 96,1 p. 100
0,332 0,800 1,042 92,0 p. 100
0,329 1,500 1,775 97,2 p. 100

La présence dans le sang des acides lactique et B-hydroxybuty'rlque
rinterfére pas avec le dosage de Pacide L-malique dans les conditions
décrites. Nous n’avons, en effet, observé auncune modification de la

" densité oplique a 340 mu lors de Paddition de malicodéshydrogénase

en remplacant le défécat sanguin par des solutions de lactate‘ de
lithinm ou de B-hydroxy-butyrate de sodium dont les concc‘ntratlons
correspondaient aux valeurs maxima décrites pour ces 2 acides dans
le sang normal. ~

Discussian de la technique.

Afin que la modification de densité optique apres addition de Ten-
zyme soit d’une amplitude suffisante pour pcrmettr.e des lectures
précises, nous avons été amenés, compte tenu de la faible concentra-

“tion de lacide malique plasmatique, A utiliser un volume de défécat

(2,5 ml) trés supérieur a celui auquel on a habituellqnent recours
pour les dosages enzymatiques reposant sur’ le test optique de War-
burg.

L’inconvénient qui en résulte est que la concentration de substances
interférentes présentes dans le plasma se trouve ¢galement acerue.

Clest ainsi qu'aprés 'addition du tampon glvcocolle/sulfate d’h}:dra-
zine/soude, il se produit une baisse progressive de la densité (.)pthn(',
suivie, aprés 15 min environ, d'unc stabilisation de (-cllc-cx.'(“.cttc
baisse, vraisemblablement due a une interaction entre Ihivdrazine ct
cerlains constituants du défécat sanguin, nous a conduits i attendre
15 min entre addition du tampon et celle de NAD-.

Les modifications de la densité oplique consécutives a Paddition de
NAD- consistent en une augmentation immeédiate, suivie d’une éléva-
tion plus discrete, mais progressive et d'importance variable sclon Tes

BULL. SOC. CHiM. ntor., 1963, 45, ~°° 7-8.
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de¢fécats. Elles sont vraisemnblablement dues a la formation non enzy-
matique d’un complexe d’addition entre le NAD- et le réactif du grou-
pement carbonyle [6, 18]. ‘

En recherchant les facteurs permettant de réduire au minimum ces
modifications de la densité optique survenant avant laddition de
malicodéshydrogénase, nous avons été amenés a diminuer considéra-
blement la concentration en sulfate d’hydrazine par rapport a celle
préconisée par Ilomonst et coll. [4]. Dans ces conditions, les varia-
tions de la densité optique restent minimes ; nous éliminons néan-
moins leur influence en utilisant comme témoin une cuve contenant
tous les réactifs, sauf Penzyme. Il faut signaler que ces variations de
la densit¢ optique ne -peuvent étre supprimées ni par la substitution
du tampon As,0,/NaOH (6] au tampon glycocolle/soude, ni par
adjonction d’acide éthyléne-diamine-tétraacétique a la concentration
finale dec 0,75 uMole/ml.

La déshydrogénation de l'acide malique dans les conditions dé-
crites est relativement lente, mais ne s’accompagne pas d’une altéra-
tion de I'enzyme, comme le prouve la déshydrogénation compléte
d’une quantité supplémentaire d’acide L-malique ajoutée & la fin de la
réaction. Nous avons recherché s’il était possible d’accélérer celte
réaction en augmentant les (uantités d’enzyme et de NAD~. Il s’est
aveéré ainsi que la vitesse de la réaction n’est pas sensiblement modifiée
en augmentant fortement la quantité d’enzyme (jusqu’a 375 unités).
L’accroissement de la concentratlion en NAD* accélére, par contre, la
réaction, mais accentue également les réactions secondaires dues aux
substances interférentes, ce qui nous a conduits 3 ne pas dépasser la
quantité de NAD" indiquée dans la description de la technique
(3 uMoles).

En ce yui concerne la détermination de la f\in de la reaction, nous
estimons, comme indiqué plus haut, la déshydrogénation de I'acide
L-malique terminée lorsque la différence de densité optique entre les
2 cuves reste stable pendant 20 min. On observe, dans certains cas,
une diminution ultérieure de la différence entre les 2 cuves, la densité
optique de la cuve-essai tendant & rejoindre celle de la cuve-témoin.
Houonst [11] a décrit, lors du dosage de l'acide lactique, un phéno-
méne analogue, qu'il attribue & une réoxydation particlle du NADH..
aboutissant a la formation d’'un composé non identifié, ayvant un ma-
ximum ’absorption a 400 mu. Cette réoxydation peut ¢étre préve-
nue soit en augmentant la concentration en enzyme. soit en utilisant
un dispositif de dosage a labri de I'air, De telles modalités techniqiies
sont cependant généralement inutiles pour le dosage de Pacide vr-ma-
lique sanguin, puisque ce n’est que dans des cas exceptionnels que
nous n’avons pas observé un parallélisme entre les densités optiques
de la cuve-essai et de la cuve-témoin pendant un temps suffisamment
long pour permettre de fixer le moment de la fin de la réaction.

BULL. SOC. CHIM. BIOL., 1963, 43, x°* 7-8,
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‘. Comparaison avec la méthode fluorimélrique.
Nous avons déterminé, parallélement aux dosages enzymatiques,
I'acide malique sanguin a Taide d’un photofluorimeétre Photovolt par

la technique de HUMMEL 1] modifiée seulement cn ce qui concerne
le volume de la prise d’essai (1 ml au lieu de 6,2 m}).

30 IR AP Tiea-t B RRRETECTEES T

RESULTATS.

., Y

Le taux de Yacide rL-malique du sany tolal humain trouvé chez
13 sujets sains a jeun est de 1,173 = 0,270 uMoles/100 ml {moyenne

BN
.

23
arithmetique = ;/t'i ) par la méthode enzymatique, alors que le ré-
N
sultat des dosages cffectués parallelement par la technique de HUMMEL
[1] est de 1,93 = 0,20 wMoles/100 ml

Il apparait done que les valeurs obtenues a laide de la méthode
enzymatique décrite sont notablement plus faibles que celles de la
technique fluorimétrique, témoignant de la meilleure spécificité de la
premiére.

Le taux de Pacide malique plasmatique dosé¢ par la méthode erzy-
matique chez 40 sujets sains a jeun est de 0,413 = 0,035 pMoles/100 ml
Nous n’avons pas constaté de différences significatives selon le sexe
ou Yage. ’

Dans le cas du plasma, comme dans ceclui du sang total, les résul-

R el

B i el - 4

1 >% tats obtenus parallelement par la méthode fluorimétrique sont nota-
,Q blement plus élevés (0,985 = 0,048 pMoles/100 ml).

éi La constatation d’un taux d’acide 1-malique beaucoup plus faible
553 dans le plasma que dans le sang total nous a conduits a pratiquer le
ES‘% % B dosage enzymatique de cet acide dans les hématies. Nous y avons
% ! =" trouvé une concentration de 2,30 = 0,55 uwMoles/100 ml (moyenne de
i 8 deterniinations).

g Les taux moyens trouvés respectivement dans le sang total, le

e
e

plasma et les hématies apparaissent ainsi concordants, compte tenu
d’une valeur normale de I’hématocrite d’environ 40 p. 100.

DISCUSSION.

RPN i YRR

L.a concentration normale de Pacide r-malique dans le sang total
humain (en moyenne 1,173 uMoles/100 ml) est beaucoup plus faible
que cclle des acides pyruvique (8,75 uMoles/100 ml selon STRONMEYER
et coll. T121) et citrique (9.6 uMoles/100 ml selon WorcoTT et BOYER
7137). Elle est, par contre, du méme ordre de grandeur gue celle de
Pacide w-cétoglutarique (0,96 pMoles/100 mt d’aprés STROHMEYER et

coll. [12]). Elle est également voisine du taux normal trouvé par

BULL. SOC. CHIM. BIOL., 1963, 45, N°* 7-8.
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GRUNDIG [14] pour Tacide oxaloacétique (1,36 uMoles/100 ml) ; pour
ce dernier acide, cependant, les résultals de KeLLER et DENz (2,86
uMoles/100 ml) [15] sont notablement plus élevés.

La répartition de P'acide malique entre plasma et hématies apparait
remarquable, puisque les hématies humaines sont beaucoup plus riches
en cet acide que le plasma, alors qu'clles sont plus pauvres en acide
citrique {16] et que les concentrations globulaires et plasmatiques
sont sensiblement identiques dans le cas des acides pyruvique et
g-cétoglutarique, comme en témoigne la confrontation des résuitats
concernant le sang total d’une part, le plasma ou le sérum de Tautre
(12, 17, 181.

La richesse relative des hématies humaines en acide L-malique pose
le probléme de lorigine de cet acide.

Les hématies matures des mammiféres ne possédent pas de cycle
tricarboxylique fonecfionnel r19, 20}. L.a maturation du réticulocyte en
normocyte s’accompagne, en etfet, de 1a disparition presquc totale de
I'activité de la citrate hydro-lyase (4.2.1.3 3 aconitase) et de la succi-
nate : (accepteur) oxydoréductase (1.3.99.1; succinodéshydrogénase)
r211. En Pabsence de cycle citrique actif dans les normocytes, le me-
tabolisme du glucose par la voic de la glycolyse v conduit i une accu-
mulation de pyruvate [22] et de lactate {23, 241, '

I.e malate se forme vraisemblablement & partir dc ces produits ter-
minaux de la glvcolyse. RrumNsTEIN et DexsTEDT [24] n'ayant pu
mettre en évidence de L-malate : NADP oxydoréductase (décarboxy-
lante) (1.1.1.40) dans les hématies. il est probable que le malate s’y
forme, griace 4 une GTP . oxaloacétate carboxy-lyase (4.1.1.32), par car-
boxylation du phospho-énol-pyruvate en oxaloacétate, suivie de la reé-
duction de Poxaloacétate en malate. Cette derniere s’effectue griice A
la r-malate : NAD oxydoréductase (1.1,1.37 malicodéshydrozénase),
dont la persistance dans les globules matures des mammiferes a été
vérifiée par de nombreux auteurs raij.

L’augmentation de la concentration intra-érythrocytaire du malate.
que nous avons constalée, au cours d’experiences pretiminaires, en
incubant des hématies humaines avec du glucose, est en faveur d'une
telle synthése endo-globulaire du malate a partir d’intermédiaires for-
meés au cours de la glycolyse. Cetle synthése représenterait I'inverse
de la transformation du malate c¢n lactate, transformation qui a cté
prouvée dans les hématics de mammiféres par SeicEr et Crank 230,

Le role de la synthése endo-globulaire de nialate parait double.
D'une part la carboxylation du phospho-énol-pyruvate en vxaloacé-
tate necessitant-du GTP (ou de PITP), qui sc forme lui-méme a partiv
de PATP grice & IATD : nucléoside-diphosphate phosphotransférase’
(2.7.4.6), consommerait de PATP, dont I'hématie adulte produit un
exces 207, D’autre part la réduction de loxaloacétate en malate,
saccompagnant d’une réoxydation du NADH, produit au cours de Ia

WELL. SOC. CHIM. BIOL., 1963, 45, x°* 7-8.
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déshydrogénation du 3-phospho-glycéraldéhyde, permettrait, paralle-

lement a la réduction du pyruvate en lactate, d’éviter une accumula-

tion de NADH..

Nous remercions vivement P’Institut National d’Hygiéne (Directeur : Prof.
L. BuaNarp), qui a subventionné ce travail. :

RESUME.

1) Les auteurs décrivent une technique enzymatique de dosage de
Iacide L-malique sanguin et en comparent les résultats 4 ceux de la
méthode de détermination fluorimétrique de HumMmer, dont la spéci-
ficité est moindre.

2) Chez ’homme normal, la concentration de I'acide L-malique dans
le sang total (1,173 + 0,27¢ uMoles/100 ml) est du méme ordre dc
grandeur que celle de I'acide a-cétoglutarique,

3) La répartition de Pacide L-malique entre plasma et hématies est
remarquable, les globules ,étant beaucoup plus riches (2,30 = 0,55
wMoles/100 ml) que le plasma (9,413 = 0,035 uMoles/100 ml).

L’acide L-malique intra-globulaire, dont la concentration augmente
lorsque I'on incube des hématies avec du glucose, pourrait se former
par carboxylation du phospho-énol-pyruvate en oxaloacétate, suivie
de la réduction de ce.dernier en L-malate. Cette synthése contribuerait
4 éviter Paccumulation intra-globulaire ’ATP et de NADH, produits
en exceés au cours de la glycolyse.

SUMMARY.

1. The authors describe an enzymatic technique for the determination
of r-malic acid in blood and compare its results with those obtained by
Husmel's fluorimetric determination, which is less specific.

9. In the normal! human, the concentration of L-malic acid in total bleood
(1,173 « 0,270 pmoles/100 ml) is of the same order of magnitude as that
of a-ketoglutarie acid.

3. The distribution of L-malic acid between plasma and erythrocytes is
remarkable : ervthrocytes are much richer (2,30 x 0,55 umoles/100 ml)
than plasma (0,413 =+ 0,035 umoles/100 ml).

Intracorpuscular L-malic acid, whose concentration increases when the
ervthrocytes are incubated with glucose, might be formed by carboxyla-
tion of phospho-enol-pyruvate to oxaloacetate, followed by reduction of the
latter to L-malate. This synthesis would help to avoid accumulation in the
corpuscules of ATP and NADH. produced in excéss in the course of giyco-
1ysis.

ZUSAMMENFASSUNG.
1. Die Verfasser beschreiben ein enzymatisches Bestimmungsverfahren
der Blut-r-Apfelsiure und vergleichen die Ergebnisse mit denen der fluoro-
metrischen Bestimmungsmethode von HumMEL, die weniger spezifisch ist.

BULL. SOC. CHIM, BioL., 1963, 43, ~»° 7-8.
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2. Beim normalen Menschen ist die Konzentration der i1-Apfelsiiure im

tatalen Blut (1,173 = 0,270 uMoles/100 ml) von derselben Grossenordnung
wie dicjenige der g-Ketoglutarsiure. ’

3. Die Verteilung der vL-Apfelsdure zwischen Plasma und roten slutkorper-
chen ist merkwiirdig, denn die Blutkérperchen sind viel reicher (2,30 =+
0,55 pMoles/100 ml) als das Plasma (0,413 + 0,035 pMoles/100 ml).

Die Blutkdrperchen-r-Apfelsiiure, deren Konzentration zunimmt, wenn
man die roten Blutkdrperchen mit Glucose inkubiert, konnte sich. folgen-
derweise- bilden : Garboxylation des Phosphoenolpyruvats zu Oxalessigsiiure
und Reduzierung der letzteren zu vr-Malat., Diese Synthese wiirde
dazu beitragen die Anh&ufung des Blutkorperchen-ATP und -NADH,, die im
Laufe der Glycolyse erzeugt werden, zu vermeiden.
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THE FLUOROMETRIC DETERMINATION OF MALIC ACID*
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209
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A sensitive and specific chemical method for the estimation of malic
acid in biological materials has long been desired. The condensation
of malic acid with orcinol in the presence of concentrated sulfuric acid
to form the highly fluorescent homoumbelliferone (7-hydroxy-5-methyl-
coumarin) was reported years ago (1). Although this reaction is relatively
gpecific for malic acid, the quantitative precipitation of calcium malate
by alcohol as a means of fractionation from biological materials gives
it additional specificity. If, in conjunction with this treatment, a small
smount of 2,4-dinitrophenylhydrazine is added, most of the simple car-
bohydrate impuritics which give an interfering amber color with orcinol
become soluble in alcohol and thus may be removed.

Procedure

The solution to be analyzed is deproteinized with trichloroacetic acid
of such a concentration that the final acidity is 1 . Aliquots of the filtrate
(containing 0.1 to 1.0 v of malic acid) are transferred to 18 X 100 mm. test-
tubes and are diluted to 1 ml. with 1 ~ TICL To each tube are added
with shaking 0.1 ml. of 0.1 per cent 2,4-dinitrophenylhydrazine in 2 N
HCI and 0.5 ml. of 10 per cent CaCle and, after 30 minutes, 0.3 ml. of 5
¥ NH,OH and 6 ml. of absolute cthanol. After 12 hours at room tempera-
ture, the precipitation is complete. The tubes are strongly centrifuged
and the supcrnatant is carefully poured off and discarded. To rcmove
traces of moisture, the tubes are dried in the oven at 105° for 15 minutes.

A stock oreinol solution containing 80 mg. of orcinol (twice recrystallized
from benzene) in 100 ml. of 12.5 per cent H,SO, is prepared. This solu-
tion is stable for several months if stored in the cold in a brown bottle.
To each tube, 3 ml. of orcinol-sulfuric acid mixture are added (8 ml. of
stock oreinol solution diluted to 100 ml. with concentrated sulfuric acid
of highest purity). The contents are mixed with bulb stirring rods (2).

The tubes are heated to 100° for 10 minutcs, cooled under the tap, and
diluted to 10 iml. with concentrated sulfuric acid. The blue fluorescence

* This work was aided in part by a grant from the National Research Council.

1 Present address, Department of Biochemistry, State University of Towa, Jowa
City. :
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is measured in a Coleman photofluorometer against blank and standa,:
tubes treated in a similar manner. An almost lincar fluorescence cyr.,
is obtained as shown in Fig. 1. The fluorometric attachment to the Beck.
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Fia. 1. The lincar relation between the amount of malic acid assayed and the
relative fluorescence produced.
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Fi1a. 2. The effcet of different amounts of water in the orcinol-sulfuric acid mixture
on the relative flucrescence produced by 1 v of malic acid.

man spectrophotometer can also be used with somewhat greater concen-
trations of malic acid. The maximum fluorescence produced by 1 v of
malic acid is approximately equivalent to that given by 9 ¥ of quinine
sulfate in 10 ml. of 0.1 N H:S0,. Asshown in Fig. 2, the amount of water
present during the condensation reaction is critical; less than 6 or more
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than 12 per cent total water (by volume) in the sulfuric acid markedly
reduces the fluorescence. It is therefore advisable to determine the water
qontent of each batch of sulfuric acid.

TasLE I
Effect of Exercise on Content of Malic and Lactic Acids in Human Blood
Blood from finger-tips, 0.2 ml., was deproteinized with 6 ml. of 1 ¥ trichloroacetic
scid and centrifuged, and 1 ml. of the supernatant was treated as described in the
text.

Malic acid Per cent re-
Subject No. Malic acid Lactic acid .
Added Recovered covery
At rest
mg. per cenl mg. per cent ¥ v
I 0.75 11
II 0.75 15
Il 0.63 15
v 0.62 45
.V 0.62 35
VI 0.30 17
VII 0.42 18 0.50 0.50 100
VIII 0.28 11
X 0.39 5 0.81 0.81 100
X 0.24 15 0.81 0.83 102
XI 0.36 14 0.81 0.80 99
XII 0.24 20 0.85 0.86 101
XIII 0.33 31 0.85 0.81 95
Average..... -0.46 19
After exercise
v 0.72 75
v 0.59 85
VI 0.51 53
YiI 0.37 86 0.50 0.50 100
XI1I 0.27 82 0.85 0.81 95
XHI 0.24 80 0.85 0.81 25
Average..... 0.45 77

The following materials do not interfere at concentrations of 100
er tube: glucose, fructose, pyruvate, lactate, oxalacetate, isocitrate, aconi-
“te, citrate, a-ketoglutarate, succinate, fumarate, 8-hydroxybutyrate, ace-
‘wacetate, butyrate, tartrate, malonate, urate, glycerophosphate, aspartate,
tlutamate, alanine, and creatine. Samples of maleic acid tested gave
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variable intensities of fluorescence, possibly due to contamination by malje
acid. Fructose-1,6-diphosphate and glucose-6-phosphate do interfere
since they are quantitatively precipitated by alcohol and produce both
a yellow color and a blue fluorescence with the orcinol-sulfuric acid reagent,
They may be easily removed from the sample by preliminary hydrolysis
in 0.2 N NaOH for 10 minutes at 100°.  Glycogen, which also interfercs,
may be removed by acid hydrolysis.

Malic Acid Content of Blood—As tested by this method, the levels of
malic acid in finger-lip blood from normal male subjects were less than
I mg. per cent, as shown in Table I, and did not change after excrcise
sufficiently vigorous to raise the blood lactic acid Ievel to 3 or 4 times above
thenormal, as determined by the method of Barker and Summerson (3).

SUMMARY
A simple and sensitive fluorometric method for the determination of

malic acid is deseribed. The malic acid content of whole blood is low
and does not change as a result of muscular activity.
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Apparatus

Procedure

~tamine hydrochloride solution (reagent o)
zolution (reagent 6).
~oine solution (reagent 9).

the organic phase and place in dry miero-

ast blank containing n-hexanol ‘(reagent 8),

zents to Procedure

25 apply here as for the iron proce .ure and
- £ he copper procedure will be made.
eetew in biological materials do not inter-
< present should be kept at a minimum. If
2rly, copper-binding anions such as EDTA
-ies and standards should not contain more
"~ {~1 pg Cu) and 2 mg of organic mattcr.
- should give an absorbance reading not in
<h). Five mug atoms of Cu gives a net ab-
115 under the conditions described. Since
is limited and therefore the quantity that
zorbance should not exceed.0.4. Absorbance
—tional below this value.
1 the procedure for copper and their pos-
- those discussed above for iron.
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Rapid Separation of Some Common Intermediates of
Microbial Metabolism by Thin-Layer Chromatography?
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Glyoxylic acid metabolism in bacteria has been the subject of extensive
research in recent years and has been reviewed by Rabin et al. (1).
Although glyoxylate can react enzymically with various compounds to
form several important metabolic produets (2-10), our laboratory has
been concerned mainly with: (a) the condensation with acetyl-CoA to
form malic acid (2); (b) the condensation with propionyl-CoA to form
a-hydroxyglutarie acid (3); and (c) the reduction to glycolic acid (10).
Although the fate of glycolic acid is unknown in bacteria (10}, malic acid
can be dissimilated by means of the tricarboxylie acid (TCA) eyele, and
a-hydroxyglutaric acid is further metabolized either via citramalic
(e-methylmalic) acid or succinice acid (11).

Studies have been initiated to determine the fate of glyoxylic acid in
bacteria and fungi using the technique of pulse labeling with C-sodium
glyoxylate. It was necessary, therefore, to develop a chromatographic
technique that achicves a rapid and complete scparation of glyoxylate
from glycolate, malate, succinate, fumarate, a-ketoglutarate, a-hydroxy-
glutarate, and citramalate. Since e-hydroxyglutarate can lactonize under
anhydrous conditions (12), this compound must also be separated. The
method presented here permits the resolution of these nine intermediates
associated with glyoxylic acid metabolism.

MATERIALS AND M ETHODS

Gelman ITLGC, type SG chromatography medium (Gelman Imstrument
Co., Ann Arbor, Michigan) was used for the thin-layer chromatographic

*This research was supported in part by Public Health Service Grant AI-03866-06
of the National Institute of Allergy and Infectious Diseases and by Grant GB-4680
of the National Scicnce Foundation.

! United States Public Health Service Fellow (1 F2 AIL-31, 566-01),

*Research Career Development Awardee of the National Institutes of Health
(5-K3-A1-6928) .

335




S ———

336 BLEIWEIS, REEVES, AND AJL

separation of the acids. The medium consists of glass microfiber support
sheets which are impregnated with silica gel as the adsorbent. The sheets
(20 X 20 ¢cm) were loaded with 2.5 ul of each compound (0.3% w/v
aqueous solutions) or with 20 ul of a standard mixture of these acids.
a-Hydroxyglutaryl lactone was applied from a benzene solution.

Development was two-dimensional using the following solvent ix.
tures: (I) petroleum ether (b.p. 30-60°C), anhydrous diethyl ether, and
formic acid (28/12/1), and (II) chloroform, methanol, and formic acid
(80/1/1). All were Mallinckrodt products. The development chamber
was rectangular with the following dimensions: 26 X 26 X 7 em. The
solvent fronts were allowed to ascend 15 cm, the sheets air-dried in o
hood for 5 min, and the spots visualized by spraying with 0.04% brom-
phenol blue (cthanolic).

Samples to be measured for radioactivity were placed in 10 ml of 0.04%
2,5-bis-[2- (5-tert-butylbenzoxazolyl) ]-thiophene (Packard Instrument
Co.) made up in toluene absolute ethanol (2/1). These were counted in
a Packard Tri-Carb liquid scintillation spectrometer.

-RESULTS AND DISCUSSION

Table 1 lists the R; values obtained for each compound in the two
solvent systems. Figure 1 demonstrates the resolution obtained by two-
dimensional chromatography employing, first, solvent mixture I, followed
by solvent mixture IL. It is apparent that complete resolution of the nine
acids is achieved. ’

Of further interest is the rapidity of the entire procedure. Each dimen-
sion required only 20-25 min for development and a’ sample can be
resolved, as in Figure 1, in less than 1 hr. Several samples, therefore, can

TABLE 1
Separation of Intermediates Related to Glyoxylate Metabolism
Ry X 100
Compound Solvent Ie Solvent II*
Glyoxylate 17 55
Glycolate 59 50
a-Hydroxyglutarate 25 17
a-Hydroxyglutaryl lactone 33 73
Citramalate - 41 21
Malate 17 11
a-Ketoglutarate 45 35
Succinate S0 65
Fumarate 97 70

I

s Petroleum ether (b.p. 30-60°C), anhydrous dicthyl ether, and formic acid (28/ 12/u
¢ Chloroform, methanol, and formic acid (80/1/1).

—
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Fi6. 1. Thin-layer chromatogram of intermediates associated with glyoxylic acid
metabolism. The acids are numbered as follows: (1) fumarate, (2) succinate, (3)
glycolate, (4) a-ketoglutarate, (5) citramalate, (6) e-hydroxyglutarate, (7), malate,
(8) a-hydroxyglutaryl lactone, and (9) glyoxylate. The origin is indicated by the
circle at the bascline. The solvent systems employed were: (I) petroleum ether
(bp. 30-60°C), anhydrous ether, and formic acid (28/12/1) and (II) chloroform,
methanol, and formic acid (80/1/1).

be run in a short time. Myers and Huang (13) reported a total elapsed
time of 7 hr for the two-dimensional scparation of TCA cycle inter-
mediates using conventional thin-layer chromatography with a cellulosc
adsorbent on glass plates. ]

In addition to excellent resolution and speed, there is another ad-
vantage to the method described here. The sheets, once developed and
sprayed to visualize the spots, can be cut quite easily and the spots
measured directly for radioactivity. This technique has been applied with
success to prove the quantitative conversion of 5-C'*-a-hydroxyglutaric
acid to its lactone (12). Background cmission is negligible and accurate
estimates of radioactivity can be obtained after correcting for quenching
caused by the spray reagent. The radioactive spots are easily handled
without damaging the surface layer.

SUMMARY

A method is presented which permits the complete and rapid chromat-
ographic resolution of nine biologically important carboxylic acids. The
technique utilizes two-dimensional thin-layer chromatography and sepa-
rates glyoxylate, glycolate, a-ketoglutarate, malate, succinate, fumarate,
citramalate, a-hydroxyglutarate, and a-hydroxyglutaryl lactone. Some of
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these acids are intermediates of the TCA cycle and can also be resolved
by the TLC procedure recently presented by Myers and Huang (13). W,
feel, however, that the speed, convenience, and reproducibility of th
procedure described here offers many advantages over previously .
scribed methods. -

12.
13.
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Two-way separation of carboxylic acids by thin Iayer'electrophoresis and
chromatography '

In the course of investigations carried out in this laboratory, a method was
required for the analysis of a mixture of carboxylic acids. Although some work has
been reported on thin layer chromatographic separations using silica gell:? and
cellulose® 4 as the stationary phases, with either an acid!-* or an alkaline® mobile
phase, there does not appear to be any reference to a two-dimensional system including
an electrophoretic separation. This paper describes a method which allows the simul-
taneous separation of at least 15 carboxylic acids, in a two-dimensional svstem
within 5 h. The separation is started by electrophoresis in formic acid buffer, in the
first dimension, followed by chromatography in isoamyl alcohol saturated with formic
acid in the second.

Reagents

Cellulose powder MN 300 Macherey, Nagel & Co was used. Formic acid and
isoamy! alcohol were of analytical grade from British Drug Houses; 2,7-dichloro-
fluorescein was from Merck, Darmstadt. The carboxylic acids were of analytical grade
either from British Drug Houses or from Merck.

Apparatus

The cellulose layers were prepared with Desaga equipment (Desaga, Heidelberg)
on 20 X 20 cm glass plates. Electrophoresis was carried out with a Desaga electro-
phoresis chamber with an aluminium alloy cooling plate, cooled by tap water, and a
1000 V Pleuger power supply CVC D, Belgium, with a built-in 60 mA ammeter.
Desaga tanks were used for chromatography.

Experimental

The thin-layer plates were prepared with the Desaga equipment, using 17.5 g
cellulose powder per 100 ml water. The plates were left to dry at room temperature
for 24 h, and before use, they were prepared as shown in Fig. 1. The carboxylic acid
mixture was applied with a Carlsberg pipette for volumes up to 5 ul. Larger samples
were applied with an automatically driven Hamilton syfinge, under a stream of cold
air. The plates were cooled to about 4° and sprayed with a cold 0.2 formic acid
buffer, pH 2.5 (ammonia was used to raise the pH of the pure formic acid solution
before adjusting to final volume). To avoid diffusion of the sample, a small (5 x 5 mm)
piece of parafilm was placed over. the application point during the spraying. The plates
should be sprayed carefuily in order that they do not become too wet, and spraying
should be stopped when the surface appears shiny, indicating that the layer is moisture
saturateds. Excess buffer on the glass edges was removed, and the plate was placed in
the Desaga electrophoresis chamber. Two Whatman No. 1 paper wicks (10 x 20 cm)
were used to connect the plate with the buffer troughs. In most runs a potential of
1000 V (50 V/cm) was applied for 30 min. Under these conditions the current only
increased from an initial value of 20 mA to a final one of 25 mA.

After the electrophoresis the plates were removed and dried in a stream of
cold air for about 30 min. During this time the buffer evaporated. Before chromato-
graphy, the edges of the plates (5 mm) which had been overlapped by paper wicks

J. Chromaiog., 30 (1967) 240-243
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Fig. 1. Schematic diagram of a thin-layer plate showing the treatment of the plates prior to clectro-
phoresis and chromatography. The line drawn at Iz cm was used to visualise the solvent front
position during the chromatographic step.

Fig. 2. Thin-layer chromatogram of a two-dimensional separation of carboxylic acids. Cellulose
layer 375 u. An agueous solution containing 10 ug of cach acid was applicd to the starting point
{S). 1 = Glycolic; 2 = fluoroacetic; 3 = malonic; 4 = pyruvic; 5 = fumaric; 6 = maleic; 7 =~
succinic; 8 = malic; 9 = tartaric; 10 = a-ketoglutaric; 11 = citric; 12 = isocitric; 13 == trans-
aconitic; 14 = cis-aconitic; 15 = ascorbic acid. For details see Experimental.

were scraped off. Chromatography was carried out in the second dimension with iso-
amyl alcohol-5.M formic acid (2:1). A filter paper strip (15 X 20 cm), wetted in the
Jower acid layer, was used to line the tank in such a way that it did not touch the
solvent lying in the bottom. A tank thus prepared could be used for at least three
days. In order to obtain sharp spots it was found necessary to equilibrate the plates for
about 30 min. The chromatographic separation was carried out using the upper phase
of the above mixture as solvent, with 2,7-dichlorofluorescein (5 mg per 100 ml upper
phase) dissolved in it3. This addition to the solvent allowed the detection of the car-
boxylic acids on the plates without spraying. The chromatography was stopped when
the solvent front had reached 1z cm from the starting point. This took about 234 h.
After chromatography the plates were dried under a stream of cold air for about
30 min until all the solvent had been removed. This was necessary in order to increase
the pH difference between the spots and the plate. On drving the carboxylic acid
spots could be detected by observation under ultraviolet light (254 nm). Fig. 2 shows
a typical chromatogram with the separated acids. For documentation the plates were
photographed (Fig. 3) in ultraviolet light (254 nm) with a vellow filter (Kodak wratten
12) covering the camera lens.

Results and discussion

The method described allows the separation of a mixture of at least 15 car-
boxylic acids as shown in Fig. 2. With pure samples it was possible to start with the
chromatographic separation, however with impure samples it was found convenient to
start with electrophoresis as this step not only desalted the sample, but alsu separated
the carboxylic acids from amino acids that could be present in the sample. Further-
more the use of a volatile butfer allows chromatography in any solvent system.

J. Chromatog., 30 (1967) 240-243
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Fig. 3. Ultraviolet photograph of thin-layer chromatogram of a mixture of carboxvlic acids,
indicated by the same numbers as in Fig. 2. The electrophoresis has been carried out for 60 min to
separate citric (11) and isocitric acid (12).

Some of the factors which affected the separation were:

Nature of the supporting material. Cellulose was preferred to silica gel, as with the
latter too much heat was evolved on electrophoresis.

Plate thickness. It was found that 375 g was the optimal thickness. Thinner
plates could also be used with a lower capacity and reproducibility. On the other hand
plates as thick as 500 g could be used but the heat evolution was such that the power
supply was easily overloaded.

pH. Similar separation patterns to the one presented were obtained with a lower
pH, but the distances between the different spots were smaller. A higher pH than 2.5
resulted in increased heat evolution with no improvement in the resolution.

Buffer concentration. Lower concentrations than 0.2 M gave poorer separation,
while higher concentrations resulted in increased heat evolution.

During the electrophoresis the acids migrated towards the anode, however
owing to the endosmotic flow some acids appeared to remain stationary at the origin
or even moved slightly towards the cathode. A longer run (60 min) resulted in the loss
of maleic acid. On the other hand this permitted a separation of citric and isocitric
acid (see Fig. 3). It should be mentioned that oxalic acid could not be detected by this
method, as it formed very diffuse spots. It is important to take photographs within a
few hours of development, since the spots weaken with time. BACHUR® has published a
detection method based on the ability of acids to inhibit the browning of pyridine
treated cellulose under ultraviolet light; this method could also be used.

Acknowledgements
The author wishes to thank Dr. H. Rasmussex for stimulating discussions and

. 4. Chromalog., 30 (1967) 240243



51 carboxylic acids,
-od out for 60 min to

:ca gel, as with the

nick. 3. Thinner
_m the other hand
-zh that the power

3ined with a lower
_izher pH than 2.5
- solution.

soorer separation,

= anode, however
-nary at the origin
resulted in the loss
-itric and isocitric
-e detected by this
~tographs within a
--g® has published a
+wning of pyridine
. used.

- discussions and

S LD ' . 243

Dr. F. FLoTo for the loan of photographic equipment. The investigation was supported
by a grant from the Danish State Research Foundation.

Laboratory of Plant Physiology,
University of Copeniiagen, Copenhagen (Denmnark)

PER NYGAARD

C. PassERra, A. PEDROTTI AND G. FERRARI, J. Chromatog., 14 (1964) 289.
L P. TinG AND W. M. DUGGER, Anal, Biochem., 12 {1965) 571.

E. BaxcHER axD H. ScHERZ, Mikrochim. Acta, 652 (1964) 1159.

A. SCHWEIGER, Z. Lebensm. Untersuch. Forsch., 124 (1963) 20.

H. RasMUSSEN, J. Chromatog., 26 (1967) 512.

N. NysoM™, Physiol. Plantarum, 17 (1964) 434

C. G. HOoNEGGER, Helv, Chim. Acta, 44 (1961) 173.

N.

I
2
3
4
5
6
7
8 R. BACHUR, Anal. Biochem., 13 (1965) 403.

Received March gth, 1967

J. Chromatog., 30 (1967) 240-243

The detection of benzyloxycarbonyl-protected amino acid and peptide
derivatives on thin-layer chromatograms

The application of thin-layer chromatography to peptide chemistry has been
the subject of a recent monograph!.

The classical benzyloxycarbonyl group, introduced by BERGMANN AND ZERVas?,
is still the most common amino-protecting group used in the synthesis of peptides. We
have for some time been investigating the possibility of detecting benzyloxycarbonyl-
protected amino acid and peptide derivatives on chromatographic plates using nin-
hydrin. Our original plan was either to add a deblocking agent to the ninhydrin
solution or to follow spraying with a deblocking reagent by treatment with ninhvdrin.
After inspection of the methods already developed for the removal of benzyloxycar-
bonyl groups in preparative work, it seemed possible to us that an acid, such as
trifluoroacetic acid (WEYGAND AND STEGLICH3), would be worth testing. We chose for
this purpose the less volatile trichloroacetic acid. In this way, by either using a nin-
hydrin solution in #-butanol containing 10 % trichloroacetic acid, followed by heating
to 100°, or by spraying with a 10 % solution of trichloroacetic acid in glacial acetic
acid, followed by heating to 100° and then spraying with ninhydrin, satisfactory spots
could be obtained from some benzyloxycarbonyl compounds. However, a cleancr
procedure, not involving the unpleasant trichloroacetic acid, secmed desirable.

Very recently WOLMAN AND KLausNER® published a procedure for the detection
of tert.-butyloxycarbonyl derivatives on chromatograms, based on the sensitivity of
these compounds to heat. Thus, after heating thin-layer chromatograms to 125-I 30°
for 25 min, ninhydrin-positive spots were obtained.

\Ve have now found that benzyloxycarbonyl compounds, too, are sensitive to
heat. A somewhat higher temperature is needed for most benzyloxycarbonyl com-
pounds than for tert.-butyloxycarbonyl compounds, although some can be detected

J. Chromatag., 30 (1967) 243244
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such as elymoclavine and, agroclavine which, unlike
those produced on unsupplemented media, are not
derivatives of lysergic acid. Since all of the alkaloids
isolated were labelled to approximately the same
extent (see Table), a common biogenetic pathway 1s
indicated. The high specific activitigs show that

Table .

Specific Activity of Compounds Isolated from 35-Day-0Old
Culture of Claviceps purpurea (PRL 1578)
~ Specific_activity
(mC/M)

Compound
Ergometrinine 93
Ergocorninine 84
Ergotaminine 78
Ergosine - 80
Ergosinine 97
Ergocryptine 1
Ergocryptinine 77
Agroclavine . 72
Elymoclavine 64
Tryptophan from protein 57
Tryptophan from medium 133

they must be derived in part from the D-isomer.
Partial racemisation of the amino acid may occur In
the medium before incorporation but racemisation
cannot be complete since the free tryptophan isolated
at the end of the experiment had {x]y°-28-8° and a
specific activity higher than the value for total added
tryptophan.  This lattcr result is consistent with
preferential utilisation of the less active L-isomer and
also suggests a negative feedback mechanism in
C. purpurea preventing endogenous  tryptophan
synthesis.4  Although tryptophan was the only
radioactive amino acid in the culture and in mycelial
protein at the end of the experiment, some activity
was found in an amphoteric, water-soluble, brown
pigment, which appeared in both the free amino acid
fraction and the alkaline protein hydrolysate. -

Received August 4, 1959
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HIGH-VOLTAGE PAPER ELECTRbPHORESIS

OF ORGANIC ACIDS AND
DETERMINATION OF MIGRATION RATES

. By D. Gross
Tate and Lyle Rescarch Laboratories, Keston, Kent

It was shown in a*previous communication! that
good separations of non-volatile organic acids in
complex mixtures could be obtained within compara-
tively short periods of time by application of high

potential gradients and a background electrolyte of
pH 2'0. The usefulness of the method has since been
extended to the lower fatty acids? and inorganic
acids3 by using an approx. 0-1 M ammonium carbonate
solution of pH 89.

A systematic investigation into the migration rates
of a great number of non-volatile organic acids over
the pH range 1:5-115 has produced the information
that, by choosing buffer or electrolyte solutions of
three different pH values with concomitant variations
in the inigration rates, a far greater separation
efficiency and reliability of identification could be
obtained. The solutions found most suitable were:

@) 075 M Formic acid solution of pH 2-0;
(i) 0-5 M Acetic acid solution adjusted with pyridine

to pH 4-0; (iii) Approx. 0-1 M ammonium carbonate .

solution (7-9 gm./1.) of pH 8-9.

The migration rates were measured by comparing
the rates with that of the chloride ion run on the
same electrogram and thus under the same conditions,
and with sucrose spots as markers for the electro-
osmotic and hydrodynamic flow effects. The
apparatus used was a larger version of the enclosed
strip “type with more efficient top and bottom
aluminium cooling plates, polythene insulation and
highly reproducible pheumatic pressure control,!
which allowed the use of sheets of 12 in. X 224 in. and
thus the application of up to 10 spots at a time
without mutual interference.

Although this type of apparatus greatly minimises
evaporation and consequent influx of electrolyte
solution converging from both ends towards the
centre of the sheet, it was nevertheless found to occur
to an extent which would make the results of measure-
ments even of relative migration rates doubtful.

By interposing cellophane membranes between the
ends of the sheet and the thick filter paper wads
connecting it with the electrode vessels, utilising
Weber’s observation,® the influx was largely sup-
pressed and the correction for electro-osmosis and
minor possible effects made relatively simple, since
there was only a uniform flow from the anode end
towards the cathode end, as revealed by sucrose
markers distributed evenly over the whole area of the
sheet. The migration rate was measured as the distance
of the centre of the spot from the starting line plus
the shift of the relevant sucrose marker from the
starting line, with all compounds migrating towards
the anode. In the case of unduly elongated spots the
distance to within 1+5 cm. from the leading edge was
measured, which was assumed to be the centre of the
spot. All electrophoretic cxperiments were carried out
in quintuplicate and the quoted figures are the mean of
the results which varied within 5%. The pressurc
applicd was 1-5 Ib/s.in. and the moisture content of
the soaked and compressed sheet was found by
weighing to be 145% (4:3%) by weight, compared
with dry paper. ‘

The conditions chosen werc as follows: (@) At

pH'2:0, 100 V./c., 6-5 m.amp./cm., 25 minutes,

temp, of cooling water: 15:5°c.; (b) at pH 4-0,
100 V./em., 9-6 m.amp/cm., 20 minutes, temp. of cool-
ing water 16°c.; (c) at pH 8-9, 80 V./em., 8 m.amp./
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cm., 25 minutes, temp. of cooling water 8°C. Under Table I

these conditions the mobilities of Cl— were 37-1x 10°5 Relative Migration Rates of Aromatic Acids

(cm.2 sec.™! v-1) at pH 2+0, 36:6X 10-5 at pH 4°0, vigr , o

and 29-0% 1075 at pH 89 (and lower temperature). ‘ Dlﬁgﬁitfﬂ;’n

This is still far below the mobility of CI~ for free Acid Mc* at Mcwat Mcuat at o0

migration at infinite dilution, viz. 65-4x 1073 at 18°c. pH20 pH40 pH89 Kx10°
The results are summarised in Tables I and I with cl- 1-00 100 1-00

column 5 containing the figures for dissociation  Sulphosalicylic 035 0-41 053

constants, compiled from the literature,’ to demon- gf&f{fmsaﬁcy“c 833 g:%? ggi 1?(5’(7’8

strate the varying relationship between migration
rates and dissociation constants, quitc marked at
pH 2:0, but only loose at higher pH values. This
allows the separation of acids of similar mobilities
by varying the pH of the electrolyte solutions, and
forms the basis for two- or multi-dimensional paper
clectrophoresis, results of which will be reported
clsewhere.$

“Table |
Relative Migration Rates of Aliphatic Acids

Dissociation
constant
Acid Mcr* at Mcuat  Mcrat ar 25°c.
pH20 pH 40 pHB8Y K105
Cl- 1-00 1-00 1-00
Trichloroacetic 0-43 0-39 0-37 20000
Dichloroacetic 0-41 0-45 042 5000
Oxalic 0-41 0-48 0-70 6500
Meconic 0-40 042 0-27
Maleic 0-28 0-45 0-59 1500
3-Phosphoglyceric 0-28 043 0-48
Cis-Aconitic 0-23 0-38 0-63
Oxalsuccinic 0-17 0-40 0-57
«-Ketoglutaric 017 0-40 0-57 ]
Oxalacetic 0-16 0-34 0-48 .
Pyruvic 0-16 048 0-50 300
Dihydroxytartaric 015 0-45 0-63 1200
Citraconic 013 0-35 0-53 348
a-Kctobutyric 0-13 0-28 042
Malonic 010 0-44 0-63 140
Monochloroacetic 0-08 046 0-45 150
Fumaric 0-06 0-40 0-61 100
Tartronic . 006 0-40 0-57 500
Trans-Aconitic 0-05 0-38 063 136
Tartaric 0-05 0-40 0-59 110
2-Ketogluconic 0:05 028 0-25 1570
Glyoxylic 0-04 0-39 057 50
Citric 0-04 0-30 045 . 87
Mesaconic 0-04 0-34 0-57 82
Galacturonic 0-03 022 022
Malic 0-03 032 0-57 : 40
Dihydroxymaleic 003 038 0-66
B-Hydroxybutyric 0-02 0-12 0-35 .
Tricarballylic 0-02 . 023 0-59 92
Glycollic 0-:02 0-31 0-48 15
Ascorbic 0-02 0-12 025
Lactic 002 025 0-42 - 14
Adipic 0-02 0-10 0-48 37
Ttaconic 0-02 0-23 0-57 15
Glutaric 0-02 013 0:53 45
Gluconic 0-02 0-20 0-25 o
Laevulinic 0-02° 0-09 0-35
Acrylic 0-01 014 0-45 55
Succinic 0-01 0-18 0-57 66
Sorbic 0-01 0-05 032 1-7
Pimelic 0-01 0-09 0-45 31
Suberic 001 0-08 0-45 30
Sebacic 0-01 0-05 0-41 2.7
Migration rate of acid
*Afcy, v —— R

Migration rate of chloride

$-Nitrosalicylic .03 0-22 022 . 89

Phthalic . 0-05 027 0-45 126
Salicylic 0-04 0-24 0-32 106
Sulphanilic 0-03 030 . 037
Pyrrolidone-Carboxylic 0-03 0-31 0-35

Syringic 0-01 0-03 022

Benzoic 0-01 014 0-37 63
Tannic 0-01 0-03 0-29

Migration rate of acid

*McL =
Migration rate of chloride

Thanks are due to Mr. R. W. Butters for valuable
technical assistance and the directors of Tate and Lyle
Ltd. for permission to publish this Communication.
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,‘STRUCTURE OF THE TERPENOID.
GELJERENE

" By M. D. Sutherland

Departmeht of Chemistry, University of Queensland, Brisbane,
Australia

The hydrocarbon geijerene, Cy2H;s, was isolated
by Penfold and Simonsenl:2 from the leaves of
Geijera parviflora Lindley and was shown to be a
monocyclic  triene. Degradative  work? resulted
merely in the isolation of formaldehyde and formic
acid from the oxidation of geijerene, and a ketone,
Cy,H30O, from tetrahydrogeijerenc.

Pure geijerene? (1)[«}p3-0-00° shows only end
absorption at 220 my. and absorption peaks at 1820,
1798, 1641, 1002, 911, 896, 784, 716, 705, 673 and
6§1 cm.~l, suggesting the presence of a quaternary
vinyl group, an isopropenyl group and a cis di-
substituted double bond. Ozonization by Doeuvre’s
method yielded 2-0 moles of formaldehyde, and the
CMe estimation (O3/H,CrO4) 1-08 and 1-11 moles
of volatile acid.

Dehydrogenation over Pd|C at 330° yielded only
1.:4-d1methyl-azu1ene (11), identified by the ultra-
violet and visible spectra, and by the melting points
of .thc picrate (144°) and trinitrobenzolate (173°).
Unidentified naphthalenes were also formed.
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Separation and Quantitative Determination of Lactic,
Pyruvic, Fumaric, Succinic, Malic, and Citric
Acids by Gas Chromatography

E. HAUTALA axp M. L. WEAVER

Western Regional Research Laboratory, Agricultural Research Service,
U. 8. Department of Agriculture, Albany, California 94710

Received October 18, 1968

A simple and accurate method for the rountine quantitative analysis

of organic acids is needed to study physiological and patholegical pro-
cesses in biological materials., In the past, gradient elution of silica
columns, paper and thin-layer chromatography, and the analysis of pre-
cipitated lead acid salts were widely used (1-7). More recently, the gas-
liquid chromatography of the volatile derivatives of organic acids has
been studied.

The cfficiencies of different esterification methods and the chroma-
tographic separation of the resulting esters have been described (9-12).
The molar response of the flame ionization detector to organic acid methyl
esters has been studied (13). In the present study, six organic acids
were esterified, chromatographed, and standard curves were established
by relating ester peak heights to an internal standard. This gas chroma-
tographic method was designed to separate and quantitate some repre-
sentative types of organic acids while eliminating as much sample
handling as possible.

METHODS AND MATERIALS!

Apparatus

A Varian Acrograph, model 1520B, gas chromatograph 'operatcd as
a single column instrument with a flame ionization detector (FID)
was used for this study.

*Reference to a company or product name does not imply approval or recom-
mendation of the product by the U. S. Department of Agriculture to the exclusion
of others that may be suitable.
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Column Preparation .

A stainless-stecl tube, 3m long and 2.5 mm i.d., was filled with a 5%
solution of dimethyldichlorosilane in toluene. After standing for 5 min,
the tube was emptied and washed with methanol (McOH) until the ‘
effluent was ncutral to litmus (14). )

The dried tube was packed with 5% diethylene glycol adipate (high-
temperature stabilized, Analabs), on 100/120 mesh, A/W, DMCS, Chro-
mosorb W. The liquid phase was applied using the method of Horning,
Moscatelli, and Sweceley (15).

Chromatographic Conditions
The following parameters were used for this study:

Injector: 195°C.

Detector: 220°C.

Hydrogen: 20 ml/min. .

Air: 350 ml/min. LE'
Electrometer range: 107 A, full scale. : Q
Carrier gas: Nitrogen 99.95% pure, oil-free,

' meets Federal Specification BB, 45 psig.

The linear flow velocity was set at 6.3 cm/sec at 60°C with lab gas
as the unsorbed solute. The oven temperature was maintained at 60°C
for 6 min following sample injection. The temperature was then pro-
grammed at 7°/min to 185°C and maintained at 183° until after the
elution of trimethyl citrate. .

Reagents

The reagents used were methanol (Baker, anhydrous), chloroform
(Baker), boron trifluoride (Metheson Gas), lactic acid (Fisher, 87.2%),
sodium pyruvate, disodium fumarate, succinic acid, malic acid, and citric
acid (Calbiochem).

The commercial methyl esters of these organic acxds were diluted in
chloroform and chromatographed to establish their retention times as
known standards. The purity of these csters was not determined. The
esters were used only to establish retention times.

Esterification

Alcock’s method was modified for this study (16). Volumetric pipets
were used throughout the procedure. 100 mg of each acid, or an equiva-
lent weight of acid salt, was weighed into a 100 ml! volumetric flask.
Then 1 m] of 6 N HCI was added and the flask was made to volume with
70% ethanol. The acid was used only to dissolve ~~ sodium salts in



34

HAUTALA AND WEAVER

ethanol. Aliquots of solution equal to 0.5, 1.0, 2.0, and 5.0 g of acid
- were placed into 250 ml ¥ ball flasks and 1.0 ml of 2N NH,OH was
_added to each flask. The NH,OH is used to make the ammonium salts

of the acids and reduce their volatility. The flasks were dried at 20°C

. on a rotary evaporator at reduced pressure.

2 ml of a boron trifluoride/methanol solution (125 gm/liter) was
“pipetted into each flask and the mixture was held overnight (approxi-
- mately 16 hr) at room temperature.

Extraction and Chromatography

4 ml of a 52% saturated (NH,).SO, solution and 2.0 m] of CHCI,
were pipetted into each flask and the contents mixed. In the extraction,
{NH,) S0, was added to the water to salt the esters out of the aqueous
McOH phase. This solution was found to be more effective than either
a similarly saturated NaCl solution or water alone.

The proportions for the ammonium sulfate solution and chloroform
were chosen to give the greatest concentration of esters in a final solution
without an objectionable amount of MeOH carryover.

- The contents of the flask were transferred to a separatory funnel by
allowing the flask to drain for 30 scc. The separatory funnel was shaken
for 1 min and the layers allowed to separate. The lower (chloroform)
phase was drained into a small beaker and a 1.0 ml aliquot placed into
a small screw-capped vial containing 100 mg of anhydrous Na.SO,. Then
0.1 ml of methyl laurate internal standard solution (2 ml methyl laurate
diluted to 100 m! with CHCI,) was added to the vial with a 0.25 ml
syringe and 25 gage needle. The vial was covered with aluminum foil,
and a Teflon-lined cap was serewed on tight. Samples were taken through
the aluminum foil to avoid evaporation. Duplicate 1.0 ul injections were
made with a Hamilton 10 nl syringe with a 1 in. needle. Sufficient CHCl,
was left in the syringe to compensate for the needle dead space.

A test was made to determine the effect of temperature on ester ex-
traction. After 20 min to achicve thermal equilibrium, extractions were
made at 81°, 76°, and 68° F in controlled-temperature rooms. Over this

range, the relative amounts of esters extracted was not affected by the
temperature.

Quantitation

The ratio (R) of the acid ester peak height to the peak height of
the internal standard was determined (14). The average R was plotted
against the weight of the organic acid taken for esterification:

_ ester pk. ht. X attenuation
standard pk. ht. X attenuation ’

QUANTITATIVE GLC ORGANIC ACIDS 3

Peak height can be used as a measure of the quantity of the e.ster
chromatographed if peaks are sharp, if the recorder is zeroed, and if a

baseline at the proper attenuation is established before and after the
peak.

RESULTS AND DISCUSSION

The wide range of organic acids found in biological materials neces-
sitates the use of temperature-programmed gas chromatography. To
avoid excessive high temperature bleed it was necessary to use a high-
temperature stabilized liquid phase. .

A rapidly eluting nontailing solvent is a necessity for this analysis.
When MeOH was used as the injection solvent it had a broader solvent
front than CHCI;, tailed, and never reached a satisfactory bascline. In
addition, MeOH injections resulted in a broad peak form beginning
approximately 6 min after injection, corresponding to the initiation of
the temperature program (Fig. 1, curve B). The identity of this “peak”
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Fi6. 1. (A) Chromatogram of 1.0 ul CHC), injected at 60°C; temperature pro-

gram initiated 6 mian after injection. (B) 10 uxl MeOH ini~cted uader the same
conditions,
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was not determined. The result of the remaining traces of MeOH in the
CHCl, extract can be seen 2s a rounded hump under peak “a” in Figurc 2.

Mecthanol is sufficiently hydrophilic to be retained in the aqucous phase
when the solution is extracted with chloroform. The quantity of methanol
carried over with the chloroform is inversely proportional to the amount
of aqueous phase. Most of the esters are slightly soluble in water and
freely soluble in chloroformi, but cach additional volume of water added
reduces the amount of ester recovered in the extraction. Complete ex-
traction of the esters, except methyl lactate, could be achieved by multiple
chloroform extractions. This procedure would require evaporation of
most of the chloroform without a corresponding loss of esters, quantitative
transfer to a volumetric flask, and dilution to a volume of about 2 ml
if any concentration advantage were to be obtained, The single extraction
technique used avoids this additional sample handling and gives satis-
factory results.

Chloroform was sclected as the best solvent to extract the esters from
the BF;/McOH esterification medium after testing CS., pentane, ben-
zene, Freon 11, and ethyl ether. None of these solvents gave the combi-
nation of solvent propertics, rapid elution, and water immiscibility of
CHCL;. Chloroform is not an ideal solvent. It is partially converted to
HCI gas by the high temperatures of the flame ionization detector. The
HCI will corrode some of the metal parts in the detcctor, eventually
causing excessive noise or spiking. This problem was eliminated by
placing 2 machined Teflon cap over the flame base assembly and allowing
the quartz flame tip to protrude through a hole in the top of the eap.

Figure 2 is a typical chromatogram of the six organic acid csters. The
small peak on the leading slope of peak “e” is an impurity in the methyl
laurate and was constant for all injections. It was found that the retention
time of methyl lactate decreased about 1 min as coneentration increased
from 0.5 to 5.0 mg of esterified acid. This phenomenon has been noted
for another hydroxy compound (n-hexanol) chromatographed on open
tubular nonpolar columns (17). '

.The major ecsterification product of pyruvie acid was methyl 22-di-
methoxypropionate (MDMP). This product was previously identified
(18). In the control solution of methyl esters, methyl pyruvate chroma-
tographs as peak “a” (Fig. 2). In the esterified acid sample the MDMP
chromatographs as peak “c” as shown in F igure 2. The identity of this
product was determined by interpretation of the MS, IR, and NMR
spectra after collection from a preparative GLC column.,

In contrast to the results of other csterification methods, the use of
BF,/McOH favors the formation of MDMP (11, 18). At the highest
concentration used in the acid esterification, MDMP accounted for 99%
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of the pyruvic acid esterified and chromatographed. At lower concen-
trations the methyl pyruvate is too small to be measured. -

The linear rclationships between R value and the weight of organic
acid taken for esterification are shown in Figure 3. The curve for ;\IDM_P
has a negative intercept and can be used for the quantitation of pyruvie
acid if the amount of MDMP injected is greater than 0.5 pg. Detection
limits will depend on the esters, but all can be detected at the 0.2 nE
injection level at the indicated instrument parameters.

In order to obtain satisfactory quantitative results with this procedure,
the initial temperature and the temperature program must be duplicated
exactly from run to run. Minor differcnces in initial temperature, or
rate of temperature increase, will give variations in peak shape and
reduce the precision. Duplicate injections should not differ by more than
3% of the average R.

Long periods of column inactivity resulted in excessive blccd- at the
upper limit of the program for the first onc or two ini~ctions. This proh-
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Fic. 3. Plot of R values vs. original weight of organic acid to be esterified.

lem was solved by raising the column temperature to 200°C for about
15 min at the beginning of the day and running one injection through
the program before attempting quantitative work.

SUMMARY

A method for the esterification, extraction, and quantitative gas-liquid
chromatography of lactic, pyruvie, fumariec, succinic, malic, and citrie
acids has been described. The effect of temperature variation on ex-
traction is discussed and optimum conditions necessary for extraction
are given. The quantitative conversion of pyruvic acid to methyl 2,2-
dimethoxypropionate and its chromatographic characteristics are reported.
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[70] Fluorometric Assay of Malic Acid and
Its o-Substituted Derivatives?

By MURRAY STRASSMAN and Louis Crct

Principle. This fluorometric assay is based on the degradation of
substituted malic acids to B-keto acids, which condense with resorcinol to
form derivatives of the highly fluorescent 7-hydroxycoumarin (umbelli-
ferone). Malic acid itself condenses with oreinol in the presence of hot
sulfuric acid to yield 7-hydroxy-5-methylcoumarin (homoumbelli-
ferone).>?® This procedure is not applicable to a-substituted malic acids
because they are degraded extensively in hot acid. The use of cold
concentrated sulfuric acid limits the degradation of a-substituted malic
acids to B-keto acids. Acetoacetic acid, the simplest B-keto acid, con-
denses with resoreinol in the presence -of acid at room temperature to
form 7-hydroxycoumarin.t Other B-keto acids undergo analogous con-
densations to yield fluorescent produets. Hence, B-keto acids and com-
pounds that are converted easily to B-keto acids, such as a-substituted
malic acids, can be assayed fluorometrically after condensation with
resorcinol.® Malic acids monosubstituted in the B-position may be simi-
larly assayed but are considerably less fluorogenic.

Reagents
Cone. H.S0,, analytical grade, 96.1%
Conc. HCI, analytical grade
Resorcinol solution. Dissolve 1 g 0

before use.
Sodium carbonate solution. Dissolve 28 g of

carbonate in 100 ml of H.O.
Borate buffer. Dissolve 7.32 g of boric acid in 100 ml of the sodium

carbonate solution, dilute to 900 ml, adjust to pH 10 with 50%
NaOH, and then dilute to 1 liter

Standards. Stock solutions of substituted malic acids are prepared
by dissolving 1 mg of compound in 10 ml of ether at 0°

Water, redistilled 3 times from o glass still

¢ resorcinol in 10 ml of H,0 just

anhydrous sodium

' Manuscript prepared by A. T. Tucci.

1J. P. Hummel, J. Biol. Chem. 180, 1225 (1949).

10. H. Lowry, N. R. Roberts, M. Wu, W. S. Hixon, an
Chem. 207, 195 (1954).

¢G. Leonhardi and 1. von Clascnapp, Z. Physiol. Chem. 286, 145 (1951).

3 M. Strassman and L. N. Ceci, J. Biol. Chem. 238, 2445 (1963).

P i o i ——— 1 iy o e,

d E. J. Crawford, J. Bivl.

By male o c——— B an o

e e s i o

e ——

e .

bt b o e o



pr- e

{70] FLUOROMETRIC ASSAY OF MALIC ACID . 527

Special Apparatus

Fluorometer (G. K. Turner Associates, Palo Alto, California),
model 110 null-balaneing filter fluorometer. Primary filter No.
110-811 [7-60 (365 mpu)]; a sccondary filter No. 110-817 (8
(485 mp sharp cut)]; plus a No. 110-823 [N D 1% (100-fold
reduction) | ; and a 110-851 far UV lamp with the range selector
(intensity) set at 1) for a-substituted malie aecids, 10X for
B-substituted malic acids, and 30X for malic acid

Cuvettes are round, quartz, and nonfluorescent

Procedure® A reaction mixture may be ireed of proteins by addition
of a precipitant which is not soluble in ether (such as tungstic acid), and
sufficient sulfurie acid to bring the mixture to pH 1-2. The solutions are
clarified by filtration or centrifugation and extracted with ether in a
continuous liquid-liquid extractor for 20 hours. The ether extracts are
evaporated to dryncss, and the residues are dissolved in 2 ml of anhy-
drous cther. Ether solutions are pipetted and aliquoted at 0°. Aliquots
.0.1-0.2 ml) of the extracts and of the appropriate standard solutions are
pipetted into 15 1l tapered glass-stoppered centrifuge tubes. The blank
tube receives no sample. The solutions are evaported in a hood in a warm
water bath at 32°, and complctely dried at 65°. The tubes are cooled to
room temperature, and 0.6 ml of cone. H.SO, is added to each; they are
stoppered, and mechanically shaken for 30 minutes. Then 0.5 ml of
resorcinol solution is added, the tubes are shaken briefly, 1 ml of cone.
HCI is added, and the tubes are shaken again. The tubes are stoppered
and placed in the dark for 18-20 hours. )

The contents of the tubes are transferred to 30 ml glass-stoppered
round-bottom tubes. To make the transfer quantitative the small tubes
are rinsed with 3 poitions of 1 ml each of sodium carbonate solution,
and these are added gradually to the larger tubes with shaking. The
addition must be made slowly because vigorous effervescence occurs.
Sufficient sodium carbonate solution is added to bring the solutions to pH
7.6 (a total of 7-8 ml). Borate buffer is added to bring the total volume
to 12.5 ml. The final solution is at pII 8.5-9.0. Solutions are shaken and
read in the fluorometer from immediately after preparation to within an

 hour thereafter.

Remarks. Fluorcscence is directly proportional to concentration, with
no evidence of quenching from 1 to 100 millimicromoles of a-substituted
malic acids. Fluorescence is also dependent on the amount of sulfurie
acid, with maximum fluorescence at 0.6 m! of sulfuric acid for 30

ininutes. a-Substituted malic acids such as e-ethyl malic, e-methyl malie,

a-isopropylmalic and citric acids show a much higher degree of fluores-

ey
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cence than 8-substituted malic acids such as S-methyl malic and B-cthyl
malie acid. Malic acid shows a still lower degree of fluorescence. The
relationship of fluorescence to concentration is linear for all these com-

*pounds. «-Ketoisovaleric, a-ketoglutarie, suceinie, homocitrie, and oxalo-

acetic acid give no cvidence of fluorcseence.

[71] The Determination of Specific Radioactivities of Citric
Acid Cycle Intermediates by Enzymatic Decarboxylation

By F. A. McELroy and G. R. WiLLIaMs

For the effective use of labeled precursors in studies of the citric ueidl
eycle, accurate determinations of the specific radioactivities of the eycle
intermediates are required. Sensitive fluorimetric methods are available
for the estimation of the total amount of the individual intermediates
present in a mixture (see also this volume [65]). Several procedures
involving an initial separation of the various intermediates have pre-
viously been employed to determine the total radioactivity content of
each component. For example, Von Korff? has used the butanol-chlore-
form-silica ‘gel system of Bulen, Varner, and Burrell?> Stuart and
Williams® have used the paper chromatographic procedure of Lugg and
Overell,* and Walter, Paetkau, and Lardy® have employed electrophoresis
to separate the cycle intermediates. These methods are frequently time-
consuming, require considerable quantities of starting material and, in
addition, give no information concerning the precise location of the
radioactivity in the compounds under consideration. An interesting ap-
proach to the latter problem has been taken by Bidwell,® who used the
ninhydrin reaction to estimate the radioactivity content of the carboxylic
group of amino acids. Enzymes have been used to a limited extent in
studies of the location of labeling in dicarboxylic acids.®?

In the present paper a method is described which takes advantage of
the specificity of enzyme reactions to determine accurately the radio-
activity content of speecific positions in the intermediates of the ecitric
acid cycle. Not only is this method rapid and highly sensitive, but it

'R, W. Von Korfl, J. Biol. Chem. 240, 1351 (1965).

*W. Bulen, J. E. Varner, and R, C. Burrell, Anal. Chem. 24, 187 (1952).
'S. C. Stuart and G. R. Williams, Biochemistry 5, 3912 (1966).

*J. W. H. Luge and B. T. Overell, Avstrelian J. Sci. 1, 98 (1948).

* . Walter, V. Paetkau, and H. A. Lardy, J. Biol. Chem. 241, 2523 (1966).
*R. G. 8. Bidwell, Can. J. Batany 41, 1623 (1963).

*R. C. Haynes, Jr., J. Biol. Chem. 240, 4103 (1965).
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Influences of Malic.Acid on the Tissue Respiration

of Rabbit Kidney Cortex

yasuhisa Matumoto®, yutaka Tokumitu* and Zyuniti Ukari*

In prveious papers were reported the influences of scveral saturated dibasic fatty acids

on the tissue respiration of several organs of rabbits. Malic acid is one of the substances

of TCA-cycle and has the important meaning to the métabolism of living-cells or -tissues

and relates to fumaric acid or oxaloacetic acid. Influences of malic acid on the tissue
respiration of luag, liver and cerebral coriex were reported by Nisimuta®, Turuta® and

Taniyama® in this laboratory. According to these reports, the substancial increase in the

rate of oxygen consumption was observed. And so, in this paper will be reported the

influences of malic acid on the tissue respiration of rabbit kindey cortex. '

Methods

The oxygen consumption of tissue slices of rabbit kidney cortex was measured by
Warburg's? old method. In these experiments was used the Phosphate-Ringer—Matumoto"’
as the suspension fluid. After 20 minutes preliminary experiment, every 30 minutes read-

bserved and the oxygen consumption was calculated from

ing of each manometer was 0
the change of manometric pressure as Qo: (per dry weight mg, per hour) and were showed

the total two hours Qo;s as TQoz. The pH of suspension fluid of every vessel was measur-
ed before or after the experiment. From the changes of pH suspension fluid was calculat-
ed the change of the hydrogen ion concentration. Malic acid was added to the suspension

fluid by the concentration of 5, 10 or 20 mg %.

Table 1. Qo: of kidney cortex slices

10 Qoz TQ d . pH
— 2 ry w
Samples 1 \ i l 1 v before | after
Cont. 7ot | 743 | 768 | 721 | 2909 48 137 7.05
+ 013 | 022 | 018 | 022 001 0.01
omex | 182 | 808 | 842 | 7C8 32.00 54 7.09 6.99
S 016 | 020 | 024 | 022 : 0.01 001

Mean values * probable error of the mean are presented.

Submitted for publication October 27, 1961

* From the Department of Physiology (Directo
Medicine, Kagoshima University, Japan
ERIRA, B O STEE—

r: Prof. Yasuhisa MATUMOTO M. D.), Faculty of

3

£
b € 350

i F

2
R s e

R Tt et

¥

TTE LY A e

AR S s )

R Tt R S ok

SR Eh iy

et

.
~ e

1

pod

ST TR
S o a7l



»

i L Y e L AN
"o wewsodean en S

oma AN
)
fos

R T
&P“‘F?"Uﬂunmp; Nipay

LT

A,

IR,

-»

Y. Matumoto, Y. Tokumitu and Z. Ukari

Results

Table 2. TQoz of kidney cortex slices

I i III v Exp./Cont.
Cont. 701 | 1414 | 21,82 | 29.09 1.00
10 mggs 7.82 | 1590 | 24.32- | 3200 1.10

Table 3. Changes of pH and hydrogen ion concentration
of suspension fluid after the experiment

The results of experiments in case of containing 10 mg % malic acid were shown in
Table 1 to 3 and Fig. 1.

R

before after diff. dry per mg dry wt. »
4 pH ([H+]1x10-8| pH |[H*]x10-%| pH [[H+}x10-8] W% | pHx10~2 |[H+]x10-8
u - -
% Cont. | 7.37 427 705 | 881 0.32 464 48 6.67 097
g 10me% | 709 8.3 699 1020 |o010| 207 |54 1.85 0.38
H

e;
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mwmz:wmssr TR

e

2
E
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Fig. 1. Oxygen consumption of kidney cortex slices of
rabbit in case of containing 10 mg % malic*acid
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The results of experimeats in case of containing 5 and 20 mg%5 malic acid were shown
in Table 4 to 6 and Fig. 2.
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Table 4. Qo: of kidney cortex slices

10 Qo: . TQo: dry wt PH
y wt.

Samples 1 | | om | oav before | after
Cont. 658 | 662 | 671 | 640 | 2638 | 66 734 | 696
+ 010 | 024 | 015 | 007 0ol | 001
5 mg% 722 | 697 | 728 | 671 | 2818 | 67 723 | 697
+ 018 | 022 | 014 | 009 oor | ool
20 mg% 739 | 733 | 780 | 723 | 2975 | 68 68l | 69
+ 014 | 022 | 025 | 010 001 | 002

Mean values + probable error of the mean are presented.

Table 5. TQoz of kidney cortex slices

I Il I v Exp./Cont.

A Cont. . 6.58 | 1320 | 1998 | 26.38 1.00
s mg% 7.2 | 1419 | 2147 | 28.18 1.07
20 mg% 739 | 1472 | 2252 | 29.75 L13

"able 6. Changes of pH and hydrogen ion conceatration
of suspension fluid after the experiment ] c—

before after diff. dfy per mg dry wt.
pH |{H+]x10-8| pH |[H*]x10-8] pH (H+]Xx10-8 wt. pH X102 [[H+] X10-%

Cont. | 734 457 696| 11.00 038 643 66 5.6 097
Smggg | 7.23| 589 697| 1070 0261 481 6.7 3.88 072
0mg% | 681 | 1550 696| 1100  |+0.15 +4.50 68 | +221 +066

Discussion

Fumaric acid changes to malic acid by fumarase and malic acid to oxaloacetic acid
by malic dehydrogenase. These substances and enzymes are the important members of -
TCA-cycle®. The oxygen consumption of tissues of living organs is related to TCA-cycle, R
generally and so malic acid has the important meaning to the tissue respiration. ]

According to the results of these experiments, malic acid increased the oxygen con-
sumption of kidney cortex slices in proportion to the concentration within the range of 5
an 20 mg%. The pH of the suspension fluid before the experiment was small in propor- !
tion to the concentration of malic acid. The change of pH or hydrogen ion concentration 1
was small in proportion to the concentration of malic acid, too. Especially, the pH of
the suspension fluid became larger after the experiment than that before the experiment
in case of 20 mg% of malic acid. ~In this laboratory were observed formerly the same {Ees
results in kidney cortex slices in case of adding succinic acid or aspartic acid by Hasi- : 5
mote? and Wada® But these tendencies were not observed in the tissue slices of other o
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Flg. 2. Oxygen cqnsumption of kidney cortex Fig. 3. The effect of the concentration of ma-
slices of rabbit in case of containing lic acid to the oxygen consumption
5 and 20 mg% malic acid and the change of hydrogen ion con-
centration before and after the ex-

Qo2 TQo?
riment
20mg% {300 pe
Pate of TQo: (Z/K) Change of [H+]
,;) 5mg%
,i’ Io cont. 4100
/‘ ¥, 425.0 :
1/ // 115}
9/ .
o7/ 4230 -
4 ,e/ 4200
9.0} /}f’ 110}
Y "o 4000
8ot i1/ 4150
, / 105}
20mg% : 4+0.50
70 4 /\o J
%;5&"0/0\@5“' 2% (1*0 106 )
4 cont. i )
X -4 j
60 S J+1.00
4 50
A 3 3 Aeamenennt . . "
1 i Ul 1V Time ) 10 ~Omg %

esults were guessed the buffer actions of kidney cortex slices, in vitro,
too (Fig. 3). .
Summary

Influences of malic acid on the tissue respiration of rabbit kidney cortex were inves-
tigated. Obtained results were as follows. . )

1) Malic acid increased the oxygen consumption within the range of 5 and 20 mg %
concentration. The increasing of the oxygen consumption was stronger in case of higher
concentration of malic acid.

2) The change of pH or hydrogen ion concentration was small in proportion to the
concentration of malic acid and the pH of the suspension fluid after the experiment, in
case of containing 20 mg% malic acid was larger than that before the experiment, con-
sequently the hydrogen jon concentration of the suspension fluid after the experiment was
smaller as compared with that before the experiment.
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Generation of Extramitochondrial Reducing Power in
Gluconeogenesis

By H.-A. KREBS, T. GASCOYNE axD BRENDA M. NOTTON

Medical Research Council Unit for Rescarch in

University

Ccll Metabolism, Department of Biochemistry,
of Oxford :

(Received 217 June 1966)

1. Kidney-cortex slices incubated with pyruvate formed glucose and lactate in

relatively large and approximately equimolar quantities.
products involves two exclusively cytoplasmic

catalysed by lactate dchydrogenase and

the rates of glucose and lactate formation it can

The formation of theso
NADHoa-requiring reductions,
triose phosphate dehydrogenase. From
be calculated that over 1000 -

moles of NADHz must have been produced in the cytoplasm/g. dry wt. of tissue/hr.

2. When lactate is a gluconeogenic precursor
when a substrate more
there is no direct eytoplasmic source of NADHo.

in the cytoplasm, but,
as pyruvate, is the precursor,

Quantitative data on the fate of pyruvate are

the required NADH: is generated
highly oxidized than glucose, such

in accord with the conclusion that

the NADH: was primarily formed intramitochondrially by the dchydrogenases
of cell respiration, with pyruvate as the major substrate. 3. Similar observations

and conclusions apply te experiments with mouse-liver slices incubated with

pyruvate, serine or aspartate. 4. Addition of ethanol, which increases the forma-

tion of NADH ¢ in the cytoplasm,

but not of glucose. 5. In view of the low

and NADH, it must be postulated that

increased the formation from pyruvate of lactate

permeability of mitochondria for NAD
special carrier mechanisms transfer the

reducing equivalents of intramitochondrially generated NADH; to the cytoplasm.
Reasons arc given in support of the assumption that the malate—oxaloacetate

systom acts as {he earrier. 6. Various aspects of the

gencration of reducing power

and its transfer from mitochondria to cytoplasm are discussed.

Gluconeogenesis from all amino acids, lactate,

. pyruvate and several other precursors involves a

reductive step, namely the formation of glycer-
aldehyde phosphate from diphosphoglycerate, &
reaction that occurs exclusively in the cytoplasm.
This raises the question of the origin of the required
yeducing agent, NADII:. When lactato is the
gluconeogenic precursor, an obvious sourco of
NADH, is the reaction lactate — pyruvate, which
oceurs in tho cytoplasm in exact stoichciometry
with the reaction diphosphoglycerate — glycer-
aldehydo phosphate.

However, the origin of the NADH2 is not obvious
when added pyruvate acts as gluconeogenic pre-
cursor, hocause its conversion into glucose dooes not
involve a cytoplasmie NAD-linked dehydrogena-
tion: Evidence presented in this paper indicates
that in this situation NADH: i3 primarily formed
by the intramitochondrial dchydrogenascs of tho
tricarboxylic acid cyclo and connected reactions.
Since tho internal mitochondrinl membrane is

“virtually impermeable to NADIH ., the transtor of

NADH. to the cytoplasm requires a special carrier
mechanism: NADH2 reduces intramitochondrial
oxaloacetate to malate, which diffuses into the
cytoplasm and through the cytoplasmic malate
dehydrogenaso gencrates extramitochondrial
NADH,. This mechanism of generating NADH.
in the cytoplasm must also operate for other
precursors that are more highly oxidized than
glucose, such as serine and glycerate.

EXPERIMENTAL

Methods. Slices of rat kidney cortex and mouso liver
were incubated as described by Krebs, Bennett, de Gasquet,
Gascoyne & Yoshida (1963a) vnd Krebs, Notton & Hems
(1966). Tho phosphatn-buﬂbwd salino of Krebs, Hems &
Gascoyne (1963h) was used, with NaOH in the centro well
of the manometer cups and Oz in the gas space so that the
Op consumption could bo measured accurately. The
methods used for the determination of metabolites were
the same as in previous investigations in this Laboratory
(Krebs, Dierks & Gascoyne, 10645 Gevers & Krebs, 1966,
Hems, Joss, Berry & Krebs, 1966).
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RESULTS

Products of pyruvate metabolism in rat kidney
corfex. When pyruvate was added acrobically to
slices of rat kidnoy cortex almost 1 mol. of pyruvate
was removed/mol. of oxygen tuken up (Tablo 1).
The main products, apart from carbon dioxide,

H. A. KREBS, T. GASCOYNE AND B. M. NOTTON

1967

were glucoso and lactate, which appeared in
approximately equal molecular guantities. Small
amounts of malate, fumarate, glutamate, gluta-
mine, a-glycerophosphate and ketone bodies were
also formed.

The reducing equivalents required for the forma-
tion of glucose and lactate from pyruvate (2mol.

Table 1. Fate of pyruvate and lactate in rat kidney-cortex slices

‘Washed sliccs were incubated for 60min. at 40° in 4ml. of the phosphate-buffered saline of Krebs ef al. (1963b).
The gas space contained Oz. The animals had been starved for 24hr, Disappearance of the metabolite is indicated
by the — sign, formation by the + sign. All results in this and the other Tables represent averages of duplicates

of single experiments.

Metabolic changes (umolesfg. dry wt./hr.)

Substrate added ... ... None
Metabolite

O: —1060
Glucose + 19
Pyruvate + 2
Lactate + 40

~ Malate+ fumarate + 1
~-#s . Glutamate+ glutamine + 8
«-Glycerophosphate + 1
Acctoacetato + 6
B-Hydroxybutyrate + 1

N

Pyruvate L-Lactate
{101n21) {10m»t)
—~2130 —1865
+ 369 + 197
—2020 + 120
+ 334 — 736
+ 6 + 2
+ 16 + 23
+ & + 2
4+ 16

+ 4

Table 2. Analysis of data of T'able 1

It is assumed that the formation of malate and fumarate requires 1mol. of pyruvate or lactate/mol., and the
formation of glutamate, glutamine and ketone bodies 2mol.fmol.; it is further assumed that pyruvate yiclds

4mol. of NADHz/mol. and 1mol. of reduced flavoprotei
transfer by the respiratory chain. No corrections were ma

n/mol. when undergoing degradation without clectron

de for the small blanks observed in the control to which

no substrate had been added, because tho justification of any corrections is doubtful. The oxidations and reduc-
tions involved in the formation of glutamate, ketone bodies, lactate and pyruvate have been neglected.

Substrate added ... ... Pyruvate Lactate
Substrate removed accounted for as: .
Glucose (umolesfg. dry wt.) 739 394
Lactate (umoles/g. dry wt.) 334 _
Pyruvate (umoles/g. dry wt.) — 120
Malate-+ fumarate (umoles/g. dry wt.) 5 2
Glutamate + glutamine {pmoles/g. dry wt.) 32 46
Ketone bodics (pmoles/g. dry wt.) 40 —
Total (umoles/g. dry wt.) 1150 562
Pyruvate required for supply of NADH, 268 —
{pmoles/g. dry wt.} -
Substrate removed not accounted for 602 174
(pmoles/g. dry wt.)
02 required for:
(a) oxidation of substrate not accounted for 1505 522
{umoles/g. dry wt.)
(b) oxidation of reduced flavoprotein formed 134 ' —
during the generation of NADH:
{pmoles/g. dry wt.)
- Percentage of total Oz uptake accounted for by 7 28

added substrate
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.ch appeared in
- uantities. Small
~intamate, gluta-
--one bodics were

+ed for tho formna-
pyruvate (2mol.

-n8 el al. (1063b).
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~eg of duplicates

zte/mol., and the
- pyruvate yiclis
without electron
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of NADH:/mol. of glucose, 1mol. of NADHz/mol.
of lactate) equalled 1072 pmoles/g. dry wt. (un-
corrected for the sanall changes in the control cup).
No such amounts of hydrogen donors wero availablo
froin preformned cell constituents because the con-
centrations of the substrates of NAD-linked
dehydrogenases in tho tissuo were low; morcover,
they decreased rather than increased on incubation
with pyruvate. Theso quantitativo considerat ions
Jead necossarily to the conclusion that the required
NADH, was formed os the result of cell respiration,
which in the expcriment under discussion was
mainly an oxidation of pyruvate, as tho analysis of
the data of Table 1 indicates (seo Table 2). Much
more pyruvate was removed than ean be accounted
for by the formation of glucose, lactato and the
other products. These required 1150 umoles of
pyruvatefg. dry wt., whercas 2020 pmoles/g. dry
wt. were removed. The excess, 870 pmoles/g. dry
wt., is more than sufficient to allow the assumption
that pyruvate was used to supply NADH» according
to the reaction:

Pyruvate +4 NAD + flavoprotein (FPJ
+3 H20 - 3 CO2+-4 NADI + FPH. -

To obtain 1072 pumoles of reducing equivalents/g.
dry wt. by this renction 268 ppmoles of pyruvato/g.
dry wt. ere required, leaving 602 pmoles of pyru-
vatefg. dry wt. not accounted for. This fraction
must have scrved as a substrate of respiration and
was sufficient to contribute 77% of thoe respiratory
fuel. More pyruvate was oxidized than can bo
accounted for by the extra oxygen uptako duo to
added substrate; thus pyruvate replaced a major
part of the endogenous substrates of respiration.
When lactate was the added substrate thero was
also more lactate removed than could be accounted
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for by the products, but in this case the extra
substrate used supplied only 289, of the total fucl
for respiration and this was not sufficient for the
extra oxygen consumption caused by the addition
of lactate. Thus some of tho extra respiration was
due to an increased utilization of endogenous
substrates. :

The extra oxygen uptake caused by the addition
of pyruvate or lactate was rathor greater than
might bo expected on the basis of extra ATP
requirements of gluconeogenesis, namely 6mol. of
ATP/mol. of glucose. With pyruvate as the sub-
strato tho extra ATP requirements were 369x6
=2214 pmoles/g. dry wt., corresponding to an
extra oxygen uptake of aboub 400 umoles/g. dry
wt., depending on the efficiency of oxidative
phosphorylation. The observed extra oxygen
uptake was 1070 pmoles/g. dry wt. With lactato as
tho substrate tho expected extra oxygen uptake
was about 200 gmoles/g. dry wt. and the observed
value 805 ymoles/g. dry wt.

Products of pyruvate metabolism in mouse liver.
When mouse liver was incubated with pyruvate
analogous results were obtained (Table 3). Again
much lactate was formed in addition to carbo-
hydrate, and further NADH: was required for the
formation of malate, furnarate and B-hydroxy-
butyrate. The analysis of the results is not as
simplo as for the kidney cortex becauso the changes
in the conirol without pyruvato wore much greater
than in the kidney. In the latter tissue, in contrast
with liver, the calculations aro not much affected
by deducting tho control valucs. The sum of the
metabolites formed in the presence of pyruvate in
the liver was greater than the amount of pyruvate
removed, which indicates that addition of pyruvate
did not suppress tho basic metabolic activities, as

Table 3. Fate of pyruvate in mouse liver

The gencral cxperimental conditions were as described in Table 1. To deplete the liver of glycogen, the n:ouse
was treated with phlorrhizin (sco Krebs cf al. 1966) and left without food for 3hr. Slices were out dry and not

washed. Analyses were carried out on slices plus medivm.

Initial valucs

Values after 60min. incubation
(pmolcs/g. dry wt.)

L N
(jumoles/g. Without added  With pyruvate
Mctabolite dry wt.) substrate (10mxr)
03 used —_ 355 532
Glucose-+ glycogen found 0-7 21 2
Pyruvate removed —_ —_ 456
Lactato found 7 27 131
Malato+ fumarate found 03 < 16 42
Glutamate+ glutamine found 44 1 56
" Acetoncctate found 12 . 66 49
B-]Tydwoxyhutyru(c found 9 17 ]
Total ketone bodies found 21 72 115
Acetoacetato/g-hydroxybutyrate ratio 1-33 3.2 04
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it did to a large oxtent in kidney cortex. The
increments over the control, in terms of NADH,
requirements and expressed per g. dry wt., were
102 umoles for glucose, 104 pmoles for lactato,
40 pmoles for malate plus fumarate and 49 panoles
for B-hydroxybutyrate, a total of 295 umoles/g. dey
wt. The findings are in agrecment with the postu-
lato that the NADH. was formed as a result of
mitochondrial dehydrogenase aclivity. The theo-
retical extra oxygon uptake due to ATP require-
ments was, as in the kidney experiments, much
exceeded. A noteworthy observation is the fall of
the acetoacetate/B-hvdroxyhutyrate ratio caused
by pyruvate. It should bo montioned that the
phosphate-buffered saline used to facilitate the
measurement of tho oxygen uptake was not the
optimum medium for gluconeogenesis because of

its low bicarbonate and carbon dioxide concentra-

tions. For this reason the rate of glucose formation
from pyruvate was lower than that reported by
Krebs et al. (1966).

Metabolism of aspartate and serine. In principle
the fate of serine in mouse liver (Table 4) and of
L-aspartate in rat kidney cortex (Table 5) shows
the same characteristics as that of pyruvate,

though on a smaller scale because the rates at
which those two substrates are metabolized are
lower than those of pyruvate. Both carbohydrate
and lactato were formed and the oxygen uptake
was increased, particularly with aspartate. Sinco
the degradation of scrine and aspartate is not
accomnanied by eytoplasmic dchydrogenations,
ihe reducing cquivalents required for the formation
of glicose and lactate must have arison from
intramitochondrial dehydrogenases. ‘

Effect of ethanol. Tt was thought that the supply
of extramitochondrial reducing equivalents is g

factor limiting the rate of gluconeogenesis from'

pyruvate. Ethanol was added to increase the rate
of formation of extramitochondrial NADH,,
becauseliver alcohol dehydrogenase isa cytoplasmic
enzyme. In fact, there was a striking increase
(more than doubling) of the lactate formation from
pyruvate (Table 6), but the formation of glucose
was not affected. Thus the additional NADH,
reacted preferentially to reduce Pyruvate rather
than diphosphoglycerate.

Analogous observations were made in experi-
ments on pigeon-liver homogenates (Table 7) in
which ethanol togother with crystalline liver

Table 4. Fate of L-serine in mouse liver

The general experimental conditions were as deseribed in Table 1 except that pyruvate was replaced by

L-serine.

Initial values r

Values after 60min. incubation
(pmoles/g. dry wt.)

(umoles/g. Without added  With 1-serine
Metabiolite dry wt.) substrate (10mar)
Oq used -— 216 344
Glucose +glycogen found 1 22 44
Pyruvate found 04 ~0 15
Lactate found 7 20 39
Malate+ fumarate found 13 4.8 51
Acetoacetate found 10 38 31
B-Hydroxybutyrate found 5-8 21 21
NH;3+ urca (as NHj) (1] 157 249

Table 5. Fate of L-aspartate in slices of rat kidney cortex

Washed slices were incubated in phosphate-buffered saline as described in Table 1. The rat had been fed on
the casein-margarine diet specifiod by Krebs ef al. (1963a).

Initial values |,

Values after 60 min. incubation
{moles/g. dry wt.)

Ty
(pmoles/g, Without added  With L-aspartate
Metabolito . dry wt.) substrate (10m™)

Oz used — 930 2030
Glucose found 21 18 48
Pyruvate found 2 3 76
Lactate found 18 , 23 57
Malate+glutarate found 03 ~0 12

Mo

‘e

-,

e g

- I

1"
+T(
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Table 6. Effect of ethanol on gluconcogenesis from pyruvate in mouse-liver slices
The conditions of incubation and the treatment of the mousc wers a8 described in Table 3.
Values after 60min. incubation ( pmoles/g. dry wt.)
~ A Al
With pyruvate
Initial values Without With With (10 +
(pmoles/g. added cthanol pyruvate ethanol
Motabolite dry wt.) substrate (10m») (10mar) (10m)
O3 used —_ 206 236 426 348
Glucose + glycogen found 04 25 17 57 60
Lactate found 73 15 34 92 108
Pyruvate used - — — 343 398
Malate + fumarate found —_ — — 4 4
Acetoacetate found 04 49 33 43 35
p-Hydroxybutyrato found 11:6 20 25 34 44

Table 7. Effect of ethanol and alcohol dehydrogenase on the fate of pyruvate in pigeon-liver
homogenate

The homogenato was prepared as described by Krebs et al. (1964) from the liver of a starved (48hr.) pigeon.
The final concentrations of added L-lactate and pyruvate were 40m>i, of added NAD 0-5m, of ethanol 20mx

and of crystalline liver alcohol dehydrogenase (Dalziel

at 40°. The initial amounts of glucose 4+ glycogen were

3

1961} 0-25mg./ml. (0-003mm). Incubation was for 1hr.
36 pmoles/g. dry wt. and of lactate 20 pmoles/g. dry wt.

For general experimental details see Krebs et al. (1964).

Values after GOmin. incubation (umoles/g. dry wt.)

Substrate added ... ... None Ethanol Lactate Pyruvato Pyruvate+ )
Metabolite ethanol
Glucose -+ glycogen found 14 13 239 .. 49 "41
Lactate found 03 16 = 282 1260

alecohol dehydrogenase was added (becduse the
activity of alcohol dehydrogenase of pigeon liver is
low). Thesc additions increased the yield of lactate
over fivefold without affecting the yicld of glucose.
The relatively low rate of glucose formation from
pyruvate in pigeon-liver homogenate was thus not
due to lack of NADIHo.

Experiments on perfused organs. Experiments on
the jsolated perfused rat liver and isolated perfused
rat kidney in which pyruvate was added to the
perfusion medium also indicated a substantial
formation of lactate in addition to glucose. These

- experiments are not reported in detail in the

present paper.
DISCUSSION

Appearance of cytoplasmic reducing power in the
presence of pyruvale. Tho experimonts show that
largo amounts of NADI., required for the con-
version of diphosphoglycerate into glyceraldehyde
phosphato and of pyruvate into lactate, aro avail-
able in the cytoplusm when pyruvate is metabolized
in kidnoy or liver slices. The location of these two
reactions exclusively in the cytoplasm and the fact

that they require NADHz asan obligatory reducing
agent leave no doubt of this. The quantities
(1072 pmoles/g. dry wt./hr. in the experiments
recorded in Table 1) are very high: they are of the
samo order as the basal oxygen uptake of kidney
(1060 umoles/g. dry wt./hr.) and about 509 of the
oxygen uptake in the presence of pyruvate. This
means that in the presenco of pyruvate about one-
quarter of the total NADH, formed serves as &
reducing agent and two-thirds as substrate of
oxidative phosphorylation.

Since the pormeability of mitochondria to the
nicotinamide-adenine dinucleotides is very low
(Lehninger, 1951; Kaufman & XKaplan, 1960;
Purvis & Lowonstein, 1961), special mechanisms
must bo postulated for the supply of extramito-
chondrial NADH: in gluconeogenesis from sub-
strates other than lactate, this being the only
gluconeogenic precursor that forms NADH: in the
cytoplasm in the required stoicheiometric propor-
tions. Precursors moro highly oxidized than
lactato, such as pyruvate, glycerato, serine and
oxaloacctate, generate no NADIH: during their
conversion into carbohydrate. Other precursors,
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such as glutamate, aspartate, alanine, proline and
ornithine, generate NADIL,, but, solely in the mito-
chondria, sinco all the dehydrogenases involved in
tho conversion of these precursors into oxalo-
acetate are located intramitochondrially, "This
holds also for glutamate dehydrogenase, which is
indirectly concerned with the degradation of many
amino acids from which it arises by transamination.

There is an abundant supply of intramito-
chondrial NADH; in all respiring cells, formed by
tho dehydrogenases of the tricarboxylie acid cyclo
and tho related reactions. DBut special ecarrier
mechanisms must operate, transferring NADM; to
the cytoplasin. How rapidly these mechanisms
must operato is illustrated by the following ealeula-
tions. The total NADH; content of rat kidney is
less than 1-5pumoles/g. dry wt. (Glock & McLean,
1935). Since 1072 pmoles of NADHs/g. dry wt./hr.
were used (Table 1), an amount equal to the total
NADH; content of the liver was supplied, and
must have traversed the mitochondrial membrane,
every Ssec.

Hydrogen carriers from mitochondria to cytoplasm.
The postulated carrier systems must meet three
requirements. They must readily accept hydrogen

-Atoms from mitochondrial NADH.. They must

i'e‘adily traverse the mitochondrial mombrane,
They must readily donate hydrogen atoms to
extramitochondrial NAD. Thus they must be
substances for which thero are highly active NAD.
linked dehydrogenases in both the intra- and
extra-mitochondrial space. The only substrate
couple that mects these three requirements in liver
cells is the malate-oxaloacetate system. The
isocitrate—oxalosuccinate system can be ruled out
on account of tho instability of oxalosuctinate
and the virtual absence of an active NAD.
linked isocitrate dehydrogenase in the cytoplasm.
The conclusion is therefore inescapable that tho
malate-oxaloacotate system is the carrior con-
verting intramitochondrial NADH, into extramito-
chondrial NADH,. This conclusion is supported
by entirely independent evidence obtained by
Hoberman & D’Adamo (1960), who followed tho
fate of deuterium of 2-2’-deuterofumarate in
starved rats. As expected, the deuterium appeared
mainly in position 4 of glucose, with smaller quan-
tities in position 6.

Physiological significance of the dicarboxylic acid
shuttle. Evidonco that malate is formed during
gluconeogenesis from lactate and pyvruvato was
provided by the HC.labelling datn of Topper &
Hastings (1949) and of Lorber, Lifson, Wood,
Sakami & Shreevo (1950). Their experiments with
1CO; and lactato labelled in position 2 or 3 indi-
cated that at least 859 of C-2 and Q-3 of lnctate is
randomized during the conversion into glucose,
which indicates that it passes through tho stago of

fumarate. What had not been clear was the signi-
ficance of this ‘shuitle’. Earlier workers had
assumed that it is an unavoidablo sido reaction of
oxaloacetate duo to the high activity of malate
dehydrogenase. Later it was thought that ‘malic’
enzyme [malato dehydrogenase (decm'boxyluting)
(NADP)] was the major catalyst in the formation of
dicarboxylic acids from pyruvnte (see Krebs, 1954),
but this view had to be abandoned when evidence
becameavailableindicatin gthatunder physiological
conditions ‘malic’ enzymo mainly reaets in the
direction mulate - pyruvato (Utter, Kecch &
Scrutton, 1964) and that its activity isrelatively low
under conditions of gluconeogenesis (Fitch &
Chaikoft, 1960), and when it became clear that the
formation of oxaloacctate is brought about by
pyruvate carboxylase (Utter & Keech, 1960, 1963).
The concept discussed in the present paper offers
a satisfactory explanation for the fact that malate
is formed during the gluconeogenesis from lactate:
it isnot formed by a useless ‘shuttle’ reaction but is
an essential link in the transfer of hydrogen atoms
to the glyceraldehyde phosphate-dehydrogenase
system.

Sources of malate required as hydrogen carrier from
mitochondria to cytoplasm. When substances more
highly oxidized than glucose, such as pyruvate,
are precursors the malate must be formed by the
intramitochondrial reduction of oxaloacctate, the
NADH: being supplied by the intramitochondrial
dehydrogenases and their substrates, i.e. by the
tricarboxylic acid eycle and the related reactions.
When substances more reduced than glucose, such
as glutamate, proline, propionate, ecitrate and

" succinate, arve procursors, the malate is formed

intramitochondrially during the oxidative degrada-
tion of the precursor and can diffuse into the
cytoplasm. As mentioned above, no hydrogen
transfer is required when lactate is the precursor,
In thig case oxaloacetate formed intramitochon-
drially from pyruvate may bo transported to the
cytoplasm either by direct diffusion or by the
transamination mechanisms proposed by Lardy,
Pactkau & Walter (1965). ]

Formation of lactate Jfrom pyruvate. In both
kidney cortex and liver slices glaconeogenesis from
an excess of added pyruvate was always accom-
panied by tho formation of relatively largo quan-
titics of lactate. This is not surprising. Pyruvato is
bound to eompete with diphosphoglycerate for any
NADH; available in the cytoplasm. Since tho
activity of lactate dehydrogenaso is high, a forma-
tion of lactato, i.0. a divorsion of the reducing power
available in tho cytoplasm from gluconeogenesis,
is expected whon an oxcess of pyruvate is present.

Source of reducing power for the formation of
B-hydroxybutyrate Jrom acetoacetate. B-Hydroxy-
butyrate dehydrogenaso, being an  intramito-
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chondrial enzyme, requires intramitochondrial
NADH. for the reduction of acctoacetate. Tho
mechanism by which this NADH: is generated
must bo the sume as in gluconcogenesis, i.e. by tho
intramnitochondrial dchydrogenases of cell respiva-
tion, except that no transfer to the eytoplasm is
required (Kulkn, 1060 ; Kulka, Krebs & Eggleston,
1961; Xrebs, Yggleston & D’Alessandro, 1961).

Role of encrgy-linked reduction of NAD in the
generation of reducing power. It may be asked
whether the enorgy-linked reduction of NAD, a
well-established mitochondrial reaction, is of
importance in the supply of NADH; for reductive
syntheses. The following considerations show that
the answer is essentially in the negative.

The energy-linked reduction of NAD involves a
reversal of oxidative phosphorylation at the
coupling stage between NADH; and flavoprotein,
which may be formulated thus:

NADH:+FP+P, = NAD +FPHa+~P (1)

where FP represents an electron carrier, €.g-
flavoprotein, and ~P an ‘energy-rich’ inter-
medigwe {or ATP). It may bo left open whether FP
and FPHg aro in fact flavoproteins or electron
carriers of a similar redox potcntial, such as
ubiguinones. Reaction (1) implies that the encrgy-
linked reduction of NAD, i.c. reaction (1) from
right to left, depends on the stoicheiometrie supply
of ~P and ¥PITs. Since ~P is plentiful in mito-
chondria the amount of FPH. is the major factor
limiting the scope of the process. NADH_, normally
the most rapid supplier of FPHs, cannot be a
source, if reaction (1) proceeds from right to left.
Thero remain as possible sources of FPH: the
flavoprotein-linked dehydrogenases of succinate,
fatty acyl-CoA csters, a-glycerophosphate, proline
and choline. Of these substrates succinate is
experimentully by far the most cffective one
because of tho high activity of succinate dehydro-
genase, and most of the experimental work demon-
strating an encrgy-linked reduction has in fact
been carried out in the presenco of succinate (sce
Ernster & Leo, 1964). However, the amounts of
succinate or acyl-CoA ester available #n vivo are
relatively small. Thus, when glucose is oxidized,
one out of six dehydrogenations does not involve
NAD but ¥P, and when fatty acids are oxidized
tho rotio is two out of six. Morcover, succinate and
acyl-CoA\ estors must not only supply ¥FPIle, but
also ~P. Hencosome of the FPH, must be oxidized
by oxygen. Maximally 2mol. of ~P could be
formoed/mol. of succinato or acyl-CoA, and only
two-thirds of tho suceinato or acyl-Co could take
part in reaction (1). It follows {hat during carbo-
hydrate oxilation one-ninth at most and during
fatty acid oxidation two-ninths at most of the
potentisl NADH; can be generated by encrgy-
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linked reduction. These aro maximal values of
what is theoretically feasible. The actual cont ribu-
tion of thesc systoms to the production of NADHz2
is likely tobe zero in animal tissues. The a-glycero-
phosphato oxidase cannot make a net eontribution
becauso tho formation of a-glycerophosphato {from
triose phosphate requires the consumption of
NADHs.

The situation is entirely different in certain
autotrophic micro-organisms, which can obtain all
their energy from substrates the redox potentials of
which are much more positive than those of the
NAD couple, e.g. Ferrobacillus (Blaylock & Nason,
1963) or Nitrosomonas (Aleem, 1966). These
organisms have an unlimited supply of substrates
for oxidativo phosphorylation at coupling sites
between flavoproteins and oxygen. They can
thereforo generate bulk quantities of FPH; and
~P. Tho organisms readily reduco NAD and it
appears that an energy-linked reduction is the only
mechanism available to them.

Fven though tho reversal of oxidative phos-
phorylation in animal tissucs may not be an
effective mechanism for generating NADH_g, it may
nevertholess be useful to the economy of the cell
by making possible & 10094 utilization of energy.

Role of transamination in the transfer of oxalo-
acetase from smitochondria to cytoplasm. Lardy et al.
(1965) and Haynes (1965) have discussed the
concept of the diffusion of intramitochondrial
maolate into tho cytoplasm with reference to the
transfer of the carbon ‘gkeleton’ of intramito-
chondrial oxaloncetate to the extramitochondrial
space. They were not concerned with the transfer
of reducing equivalent, a problem that arises with
a limited number of glucogenic precursors of which
pyruvate is tho prototype. Lardy ef al. (1963) also
suggest that the intra- and extra-mitochondrial
glutamato—oxaloacetate transaminase may play &
role in transporting oxaloacctate from onoe com-
partment to another. Oxaloacetate is assumod to
transaminate with glutamato in one comparimont,
and tho products of trausamination are postulated
to diffuse into tho other compartment whero thoy
react in tho reverso direction. Such & mechanism
can be visualized as transporting oxaloacetate from
mitochondria to the cytoplasm without transport-
ing redueing oquivalents. It might therofore
operato when carbon ‘skeletons’ but not reducing
equivalents are to bo transferred, as is the case
when lactato is the precursor. A difficulty in
aceepting tho bypothesis is tho postulate that
mitochondria aro jimpermeablo to oxaloacetate but
readily permeable to a-oxoglutarato and aspartate.
Fvideneo in support of tho supposition of highly
specific differentinl permeability is not cntirvely
Jucking but cannot bo regarded as adequato (sce
Chappell & Hoarhoff, 1966).
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Cytoplasmic reducing power in Jatty acid sync_kesis.
When fatly acids aro synthesized redueing equiva-
lents have to bo supplied in tho cytoplasin in the
form of NADPH,. Most of this is generated by
the pentose phosphate cycle and ‘malic’ enzymo
(Young, Shrago & Lardy, 1964; Kornacker & Ball,
1065; Rognstad & Katz, 1966). Theso enzyme
systems cannot play a major role in the generation
of reducing power in gluconeogenesis becauso the
activilics of delydrogenases of the rentose phos-
phato cycle and ‘malic’ enzymeo are lower when
gluconcogenesis is high and vice versa (Fitch &
Chaikoff, 1960).

This work was supported by a U.S. Public Health
Service Grant no. AM08715.
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PATHS OF CARBON IN GLUCONEOGENESIS AND LIPOGENESIS:
THE ROLE OF MITOCHONDRIA IN SUPPLYING
PRECURSORS OF PHOSPHOENOLPYRUVATE*

By Hexkry A. LARDY, VERNER PAETKAU, AND PAUL WALTER

DEPARTMENT OF BIOCHEMISTRY AND INSTITUTE FOR ENZYME RESEARCH,
UNIVERSITY OF WISCONSIN, MADISON

Communicated April 2, 1965 »

Gluconeogenesis—the synthesis of glucose and glucose-containing polysaccharide
from compounds other than hexoses—is a process of considerable magnitude in
normal animals and one that is subjeet to grave alterations in certain disease states.
In mammals gluconcogenesis oceurs mainly, if not exclusively, in liver and kidney.?
Carbohydrate is synthesized by these tissues from lactate and pyruvate during
periods of heavy muscular work, and the glucose formed is returned to muscle
to serve as a glycolytic energy source (Cori cycle). During long intervals between
meals, and especially during fasting, amino acids from tissue proteins serve as a
source of carbon for gluconeogenesis. In the absence of adrenal corticosteroids,
protein rescrves are not converted to carbohydrate sufficiently rapidly to maintain
normal blood sugar levels® while in the diabetic this conversion is so rapid as to
elevate blood sugar above the renal threshold.4

The main pathway of carbon in gluconeogenesis differs from the reverse of the
glycolytic sequence at 3 steps® and consequently gluconeogenesis is subject to some
controls that are without effect on carbohydrate degradation. One of thesc
steps—the formation of phosphoenolpyruvate from pyruvate—seemed likely to be
a site at which metabolic control of gluconeogenesis would be effected® sinee it is at
the point where pyruvate from cither lactate or amiro acid remdues enters the
route to hexose formation.

Pyruvate enters the gluconeogenie route by being carboxylated to a dicarboxylic
acid.” This is accomplished by the pyruvate carboxylase (reaction 1) of Utter and
Keceh which is located predominantly in the mitochondria of liver cells:8—1

Pyruvate + CO; + ATP 2o @ Oxalacetate + ADP + P.. (1)

Pyruvate carboxylase increases in amount in the livers of fasted rats,!3 those treated
with hydrocortisone,'® and diabetic ratst!. 12 in keeping with its proposed role in
gluconeogenesis.  Another possible means of carboxylating pyruvate—via malic
enzymet-—was suggested by Wagle and Ashmore® to be involved in the enhanced
gluconcogenesis of the diabetic rat.  However, this enzyme is not sufliciently active
to account for the pyruvate converted to carbohydrate in normal liver, is not in-
duced by fusting or hydrocortisone, and is in fact greatly diminished in diabetic
rats’ livers® Instead, malic enzyme participates in lipogenesis by converting
oxalacctate, via malate, to pyruvate and generating TPNT 16 17
Phosphocnolpyruvate earboxykinase, the enzyme that converts oxalacetate to
phosphoenolpyruvate (reaction 2), was disepvered by Utter and ISurahashi'
and was found to be loeated in the soluble fraction of rat, mouse, and hamster liver.
Oxalacetate + GTP (or ITP) &2 Phosphoenolpyruvate 4+ GDP (or IDP) (D
[ts activity in liver is greatly enhanced by fasting, by diabetes (induced by alloxan,
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Laph Rev. 2hd, AF esar At R 5 L-TrapPisug sTeAn secum AN
§ 7Y P e M foaseare None 0,013
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3 ToodPir i el hieariocate d mbl file, Nore 0. 2%
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o 5 onalare, 5w Gl Ce-Cric

6 5mM radate 5 M Gl Cr-Crk

MDH, 65 M DPNH1L 011
mM aRG present)

MDH. 053 mM_DPNH, 0.9
:0T, 1 mM aRG

5w nziate, 5 0:M Gly MDH, v53 M DPNH, 0.5
GOT, 1 mM akG

s T ad Pur, 1o mM bicarbounte, 3 mM Gla Noue 0.0
o 7ol bye, 19 00 Bieunionale 1. U PEP-CK [19}% 1
30 T mM Pyr, W bivationate, 3 mMGlu 25U PEP-CK 0.04
W T Per, I bicsrbsaate, 3mMGin 125 U PEP-CK, G 0.13
12 7 oM Fer, 10 M bimrhonate, 3 mMGla 1.8 U PEP-CR, GOT 0.29
12 7S 10 M bicnabotste, 3 mM Glu 2.5 U PEP-CK, GOT 0.20
14 T auM Pyr, 1M bieabonute 0.75 U PEP-CK 0.0
15 7 M Per, 100 M bicarbonwie 1.50 U PEP-CK 0.0
18 7 mM Per, 100M birarbouate, 3mM Glu 075 U PEP-CK 0.9 -

7 TanM Pyr, 100 biearbonate, smM Gha 150 U PEP-CK 017
I8 7 M e, 16 s M bicarbouate, 3 mM Glu 073 U PEP-CK, GOT . 0.2
1y 7 mM Pyr, 10 M bicerbonate, 3mMCGlu 1.50 U PEP-CK, GOT 0.43
20 TmM Per, 100 M bicarbonate, 3mM Glu 075 U PEP-CK, GOT 0.31

(2 in M nudonate present)
21 7w Pvr, 30 M biearbonate, 3 mM Glu  1.50 U PEP-CK, GOT 0.43

(2 M nalopate present)

Sumoles/in /g liver.

(r’\.\ w ornlostate; Glo oo glitamate; Asp = sspariate: aKG = aketoglutarate; Pyr = pyruvate; Cr-
CrlK = 13 mAf erentine <& O oy cry«talline creatine kinase per ml; MDI = 10 units of crystalline malate
deliy dropetinae {Bockpnrer s GOY = 30 units of glntamate-oxalacetate transaminase (Boehringer) dialyzed free
of attnomin; PRI s plosphocnalpyruvate; PLEI-CI = PEP carboxykinase, !534

Tn all expenments, AP = 3 mal; pil = 7.4; mitochondria from 0.17 gm rat liver were inchwled in cach il
ul‘mu-thm mixtre, gxecpt in expts. 57 where mstocfondria {rom 6.6 my of liver were used: In expta. 14, T =
7% 1, ~ 6 M triethanelunine (€0 buifer = TnM: MsO¢ = 6 mM; oxalucetate was deteriined by the
highly sepsitive coloripeteic meathod of Kanitsky and Tapley, ! In expte. 57, T = 21°; Pi = 1 ml; triethunol
A (O ) buffer s 20 M Meki)y = 6 mM; DPNH oxidation wus measured spectrophotometricatly ot G40
. tneapta, 8 2L, T e 8700 Py e 4 tnM; triethanolawine (C17) buffer = HEnd; MgSOs = 18 md; P -
KoM PED was determined chomicelly. ¥ A control fur expts. 5-7 bad & zero rate of DENI oxidation in the
abmence of either plute or mninte delydrogenase,

etk oo
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per cent of the rate required for normal gluconcogenesis.” The addition of glutamie-
oxalacetic transaminase in the presence of 1 mM a-ketoglutarate resulted in DPNTI
oxidation at the rate of 1 pmole per minute. The data of these experiments indi-
cate that malate was oxidized to oxalacetate in the mitochondria and transaminated
there to form aspartate which diffused from the mitochondria. The added gluta-
mate-oxalacetate transaminase and a-ketoglutarate convert aspartate to oxalacctate,
and the latter oxidizes extramitochondrial DPNH in the presence of malate dehy-

~ drogenase. Omission of the phosphate acceptor system (expt. 7) slowed malate

oxidation in the mitochondria to the point where only half as much aspartate was

" formed. .

In the remaining experiments (8-21) of Table 1, pyruvate plus HCOj4~ was added
to produce C, acids; enzyme systems for converting (extramitochondrially) cither
oxalacetate [(¢), PEP-CK 4+ ITP] or aspartate [(), GOT + PEP-CK + ITP|to
phosphoenolpyruvate were added, and the latter compound was measured.!
With system (i), or without glutamate, only negligible amounts of phosphopyruvate
accumulated. Only in system (i) was phosphopyruvate formation significant
(expts. 18-21). In these experiments no ketoglutarate or malate was added.
Oxalacetate formed by carboxylation of ‘pyruvate transaminated with glutamate;
the aspartate and ketoglutarate formed diffused out of the mitochondria where
the added transaminase converted them partially to oxalacetate and glutamate.
In similar ezperiments (to be published elsewhere) but without an external trapping
system, about one umole of aspartate and 0.73 umoles of a-ketoglutarate were liber-
ated per minute by the mitochondria from 1 gm of liver. Thus the availability of
a-ketoglutarate may be limiting the rate of phosphopyruvate formation under these
conditions. Considering that no atterapts were made to determine conditions for
maximum rates of phosphopyruvate production, the yields of the latter are reason-
able. 2 : o

TABLE 2 ‘
ForMATION OF QORGANIC AcIbs* FROM PYRUVATE, BICARBONATE, AND GLUTAMATE .
BY Rar LIvER MITOCHONDRIA ) :

" —=8ystem without Glutamate-— ——System with Glutamate——

Acids . . 0~5 min 10 min 0~5 min 0-10 min
Pyruvate used 3.47 3.70 *. 3.80 - 3.64
Glutamate used : — —_ 1.30 1.13
Malate formed . 0.87 . 0.85 1.09 1.05
C1-Malate formedt : 0.75 0.68 0.84 0.77
Citrate formed 0.68 0.72 0.52 0.56

- C-Citrate formedt (.56 0.56 0.35 0.42
Aspartate formed 0.85 0.90
CH-Agpartate formed 0.70 - - 0.62
Alanine formed ) 0.40 0.28
a-Ketoglutarate formed - 0.11 0.06 0.56 0.40
Total CH¢ productat 1.31 1.24 1.89 1.81

* ymoles/min/gm liver.

1 Caleulated on the basis of the spacific radioactivity of the KHHCO,, assuming that not more than
one CO: has been incorporated per moleeule.

The reaction mixture contained 3 1M ATP, 7.5 mM Mg8O0s, 6.7 mM potassium phosphate, pH 7.4,
6.7 mM triethanolnmine, pll 7.4, 10 taM KUMCO;s (0.8 pe/pmole), 6.7 mM sedinm pyruvate, 1.0 ml
mitochondrinl susprnsion corresponding to 0.8 i of original rat liver, and, when indicated, 3 mM potas-
sium glutamate. All cotmponculs were sdded us essentially isotonic eolutions, and the finnl volume was
made up to 6.0 ml with 0.25 A suerose. “The incubntions were carricd out in stoppered 25-ml Frlenmeyer
flanks which were shaken ut 477 in & water bath. The renction was started by adding the mitochondria
after an equilibration period of 2 min and stopped by adding 6 ml of 0.86 Af E'l(‘vl()a. The deproteinized
lamrlps were neatralized with WOH, and the perehlorate salt was centrifuged off.  An aliquot was freed
of all nonacid components by chromatogeaphy un Dowex-2-formale, and the acids were then separnted
by high-voliage eleclroplivresis at 14500 v and pH 3 on Whatman 8 MM paper strips.  The rndioactive
peaks wero located on u paper seanner, cut out, and counted in the seintillution counter, The content
of the varjous acids was determined according to the Teferences cited: malnte,® pyruvate,’ a-koto-
glutnruto® citrute® the amine ucidg were detegmined on the Spinco amino acid analyzer.,
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The insensitivity of system (77) 1o malonate suggests that glutamate is required

as an amino group douor rather than as
(expts. 20 and 21). This is confirmed by

a carbon source for aspartate formation
the isotopic experiments which follow.

In the experiments summarized in Table 2, the production of various organic acids
from pyruvate and H#CO7 was measured and their specific radioactivity was de-
termined. Malate and citrate were produced in good vields, while only a small

amount of a-ketoglutarate and negligible

amounts of isocitrate were found. The

specific radioactivity of malate and citrate indicated that at least 78-86 per cent of
the oralace!ale going uto these compounds was derived directly from carboxyl-
ated pyruvate. ‘These values are minimal because they are calculated from the
specific activity of the H*CO7 added and do not take into account the dilution by
metabolically produced CO,. Any malate or oxalacetate originating from the tri-
carboxylic acid cycle would not be labeled. Thus, in mitochondria under these
conditions, malate arises almost entirely by reduction of oxalacetate, and not by the

tricarboxylic acid eycle.

In the presence of glutamate, malate formation was slightly enhanced and at
least 73-77 per cent originated from oxalacetate formed by dircct carboxylation of
pyruvate. Aspartate was produced in amouirts significant for gluconcogenesis and
this compound too originated largely (at least 069-82%) from oxalacetate pro-
duced by pyruvate carboxylation. Glutamate diminished citrate formation slightly
but enhanced total C** fixed by trapping oxalacetate as aspartate.

When the phosphate acceptor system hexokinase and glucose was added to the
mixtures described in Table 2, total C* fixed in the system in the absence and pres-
ence of glutamate, respectively, decreased to 3 and 6 per cent of the amount fixed

without phosphate acceptor.

Discussion.—The implications of these findi
marized in Figure 1. Both malate and aspartate

ngs for gluconeogencsis are sum-
are likely precursors of oxalace-

tate in the extramitochondrial ¢
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tate couple is in equilibrium with other pyridine nucleotide-linked systems in rat
liver cytoplasm.?” Thus, malate can form oxalacctate in this compartment, de-
spite an unfavorable equilibrium constant, because of the existing high ratios of
malate to oxalacetate and of DPN to DPNH. The DPNH continually formed
during malate oxidation may serve for the reduction of 1,3-diphosphoglycerate to
triose phosphate. Alternatively, malate can serve as a source of TPNH,
via malic enzyme, for fat synthesis.! ' Aspartate may be transaminated with a-
ketoglutarate to produce oxalacetate for gluconeogenesis and glutarnate which may
again enter the mitochondria to transaminate with oxalacetate produced by pyru-
wate carboxylase. Aspartate is also the source of an amino group for urea syn-
thesis?® by a pathway which yields fumarate.

The reactions proposed provide a function for the glutamate-oxalacetate trans-
aminases found in both the soluble and mitochondrial fractions of the liver cell.?: ¥
They provide a role for fumarase, malate dehydrogenase, and malic enzyme in the
cytoplasm. In mitochondria, the observed rate of H*COg incorporation into the
4-carbon compounds, malate and aspartate, is sufficient to account for the rate of
gluconeogenesis from pyruvate in liver, ie., 1 umole of pyruvate per minute, per
gram of liver.” The enzymes of the soluble portion of rat liver homogenate catalyze
PEP formation from added oxalacetate, aspartate, or malate considerably faster
than the minimum required for gluconeogenesis.®':

The rates of 4CO; fixation observed in the present work are, to our knowledge,
by far the greatest reported for intact mitochondria. For example, Freedman and
Kohn'! reported 0.16 gmole of CO: fixed per gram of liver in 5 min at 30°. Our
rates, at 37°, are 60-fold higher. As will be reported in detail elsewhere, inorganic
phosphate is required to achieve these rates of CO, fixation by intact mitochondria.
Equaily important is the absence of a phosphate aceeptor which depletes the ATY
rescrves, as was pointed out above. In the experiments of Krebs, Dierks, and
Gascoyne,’? lactate was converted to carbohydrate at a rate of nearly 1 umole per
minute per gram of homogenized pigeon liver. Presumably, pyruvate was carboxyl-
ated at good rates in the mitochondria of their homogenates.

Summary.—It is concluded that gluconcogenesis in rat liver involves carboxyla-
tion of pyruvate to oxalacetate in mitochondria. Oxalacetate does not diffuse from
the mitochondria but is transaminated to form aspartate or reduced to malate.
Aspartate, malate, o-ketoglutarate, and some citrate diffuse from mitochondria.
In the extramitochondrial compartment of the cell, oxidation of malate and trans-
amination of aspartate yield oxalacetate which can be converted to phosphoenaol-
pyruvate by the soluble carboxykinase. The production, in mitochondria, of a
variety of compounds that may serve as precursors of phosphoenolpyruvate in the
extramitochondrial compartment provides a multiplicity of sites for metabolic con-
trols. ' ; :

« The information in this communication formed part of a paper read before the Academy
April 27, 1964 (ref. 1). The work was support ed by grants from the National Institutes of Health,
the National Science Foundation, and the Life Insurance Medical Research Fund.
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